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ABSTRACT
Determining the Fate and Transport of the Acrylamide Monomer (AMD) in Soil
and Groundwater Systems
by
Todd James Arrowood
Dr. Zhongbo Yu, Examination Committee Chair 
Associate Professor of Hydrogeology 
University of Nevada, Las Vegas
Dr. Michael H. Young, Examination Committee Co-Chair 
Associate Research Professor, Division of Hydrologie Sciences 
Desert Research Institute (DRI)
Acrylamide (AMD) is a known animal and suspected human carcinogen and is used 
to produce polyacrylamide (PAM), which has been proposed as a technology for seepage 
control in unlined water delivery canals. Previous studies have not quantified the fate and 
transport of AMD in soil and groundwater systems. In this study, batch experiments and 
soil column tests (with and without microbial degradation) were conducted on three 
materials (control sand, gravelly sand and loam soil) to determine the Kd, retardation 
factor, the form of the sorption isotherm, and determine microbial degradation rates. Soil 
core tests from samples collected in canals were also conducted to simulate field-scale 
transport. A numerical model (HYDRUS-2D) was used to simulate a canal environment 
using the fate and transport parameters of AMD obtained in the laboratory. Results 
indicate a Freundlich-type sorption isotherm for AMD in the loam soil and a linear
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isotherm for the sandy material. Sorption values were 0-2.4% in all tests. Results for the 
soil column tests show that AMD is conservative in all three types of material tested. The 
bacteria column tests indicated that AMD was quickly degraded (half lives were less than 
3 hours), though half lives for the canal column tests were longer (-31 hours). Numerical 
modeling shows that AMD would not be detectable 25 meters from the canal, as long as 
initial AMD concentration is less than 6.65 ppb. Using PAM at concentrations of less 
than 13 ppm would inhibit detectable contamination of canal water.
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CHAPTER 1 
INTRODUCTION
The decreasing amounts of fresh water supply and the need to conserve water in arid 
regions of the western United States are growing concerns. Low-cost and effective 
methods to minimize loss of water in unlined water delivery canals (the canals that 
convey water from reservoirs or rivers to end users) would have a major positive effect 
on conservation efforts. Alternative methods to reduce water loss in water delivery canals 
can be expensive, such as lining with concrete or plastic. The use of polyacrylamide 
(PAM) as a canal sealant may conserve water, but the possible health issues with the 
acrylamide monomer (AMD) found in the PAM molecule must be addressed.
To help conserve water, the U.S. Bureau of Reclamation (USBR) is evaluating the 
use of PAM to seal unlined water delivery canals. However, very little is known about 
the fate and transport characteristics of AMD in the soil/groundwater environment; thus, 
research is needed to determine transport parameters, to help understand AMD transport 
through soil and the factors that affect its movement. With an increased understanding of 
AMD fate and transport through soil and groundwater systems, a more thorough 
evaluation of this use of PAM can be made.
PAM is an ultra-high molecular weight polymer that has been used in many fields for 
up to 50 years. PAM is used for wastewater treatment, paper and pulp industries, 
consumer goods, agricultural uses, mineral processing, oil drilling projects, and as a
water well and sewer pipe line sealant (EPA, 1994a; European Union Risk Assessment, 
2002). In agriculture, PAM is currently used to stabilize soil structure in agricultural 
irrigation furrow, causing more uniform infiltration and limiting soil erosion (Sojka and 
Lentz, 1994; Spofford and Pfeiffer, 1996). The proposed new use of PAM as a canal 
sealant is based on research showing that higher concentrations of PAM can decrease 
infiltration in soil (Malik and Letey, 1992; Nadler et ah, 1994; Letey, 1996; Lentz, 2003; 
Ajwa and Trout, 2006).
PAM is formed through a polymerization process which takes millions of AMD 
molecules and chains them together to make a single molecule of PAM. Many forms of 
PAM exist. Linear anionic PAM is generally used in agriculture. This form is made with 
acrylic acid so it is anionic or has a slight positive charge. In the production of PAM, 
0.025 % to 0.05 % of residual AMD is left in the PAM molecule (Sojka et al., 1998a). 
Therefore, if the PAM is added to the canal water at concentrations of 1 ppm, then the 
AMD concentration released from the hydrated PAM molecule should not exceed 0.5 
ppb, or the current EPA maximum concentration limit. Research has shown that PAM 
itself has a low level of human toxicity (Lentz et al., 2002; Smith et al., 1996).
The AMD monomer used in the production of PAM is known to be a human 
neurotoxin and is believed to be a human carcinogen, causing damage to cells on the 
DNA level. AMD is already a known animal carcinogen and neurotoxin (EPA, 1994a and 
b). EPA reported that exposures to humans have been associated with polyneuropathy 
with motor and sensory impairment marked by numbness, paresthesias, ataxia, tremor, 
dysarthria, and mid-brain lesions. Ingestion of contaminated drinking water has caused 
drowsiness, disturbances of balance, confusion, memory loss, and hallucinations (EPA,
1994b). The current standard for AMD in water is 0.5 ppb and 0.25 ppb in the United 
States and Europe, respectively (EPA, 1994b; European Union Risk Assessment, 2002). 
Chemical and physical properties of acrylamide are summarized below in Table 1.1 
(European Union Risk Assessment, 2002). Acrylamide is solid at room temperature, 
highly soluble in water, has a low potential to partition to organic matter, and has a low 
volatilization potential in water.
When PAM hydrates, it expands and forms a random coiled structure (Figure 1.1) and 
then moves with the water, attaches to suspended particles and sinks to the bottom of 
channel. It then adheres to the soil on the bottom of the canal by forces of electrostatic, 
hydrogen and chemical bonding (Lentz et al., 2002). The residual AMD in the PAM 
molecule can be released from the PAM molecule in different areas of the canal. First, 
the AMD molecule may be released when PAM is initially saturated; second, AMD may 
be released after PAM has settled to the canal surface and is sealing the canal; and third 
AMD may be released if PAM is transported into the subsurface of the canal, though 
research has shown that PAM transport beyond a meter depth into soil is very unlikely 
(Malik and Letey, 1991; Nadler et al., 1992; Nadler et al., 1994). The rate of release of 
AMD is thus an important consideration when estimating the downstream concentrations.
The nature of this research is to examine the fate and transport of the AMD monomer 
from the application of non-crosslinked, anionic, straight chain PAM, when used as a 
canal sealant. This project is part of a collaborative research effort between several 
groups: The United States Bureau of Reclamation (USBR), the Desert Research Institute 
(DRI), the University of Nevada, Las Vegas (UNLV), and the University of Nevada, 
Reno (UNR). Field tests in Grand Junction, Colorado (and elsewhere) on PAM as well as
Table 1.1: Chemical and physical properties of acrylamide
International Union of Pure and 
Applied Chemistry (lUPAC) Name: Acrylamide
Structural formula: CH2=CH-C0NH2
Molecular formula: C3H5 NO
Chemical Abstracts Service (CAS) No.: 79-06-1
Molecular weight (MW): 71.09
Synonyms: acrylic acid amide, 2 -propenamide,
ethylene carboxamide, propenoic acid
amide, vinyl amide
Physical state: White crystalline solid at 25 °C
Solubility: 2040 gm/L (25 °C)
2155 gnVL (30 °C)
Melting point: 84-84.5 °C
Vapor pressure: 0.9 Pa at 25 °C for solid AMD
4.4 Pa at 40 °C for solid AMD
Density 1.127 gm/cm^ at 30 °C
N-octanol-water partition coefficient - 1 . 0
(Kow):
Flash Point n/a-however can polymerize
exothermically above melting point
Explosivity As above
OH
Polyacrylamide
Figure 1.1: Macromolecular and molecular structure of non-crosslinked polyacrylamide 
(Modified from Holliman et al., 2005)
other lab experiments are concurrently being conducted by DRI and UNR. Information 
from these collaborators provided basic scientific data for testing predictive models. In 
addition to the research conducted in this thesis, the overall PAM program will provide a 
better understanding of bow and at what rate PAM releases AMD, potential microbial 
breakdown rates of PAM, and the potential for PAM and AMD bioaccumulation. Soil 
column testing and computer modeling of AMD transport in soil and groundwater 
systems, as will be discussed below, can provide enhanced insight into the conditions that 
are being tested in field-scale canals. The research findings here will supplement the
research being done at sites in Colorado, and other research being done by researcher at 
DRI and UNR. With this combined research effort, a better understanding of the fate and 
transport of AMD introduced into the system by means of application of PAM in water 
delivery canals and the environmental impact of this application of PAM will be 
determined.
The overall goal of this study is to determine the fate and transport of AMD in 
soil/groundwater systems. The objectives of this research are to: I) determine the Kd 
value of AMD, create a sorption isotherm for AMD, and determine if AMD sorption is 
kinetic or instantaneous; 2) determine the breakthrough curve for the AMD transport 
experiments; 3) determine AMD transport behavior in sterile soil; 4) examine microbial 
breakdown of AMD in soil systems; and, 5) simulate the fate and transport of AMD 
through groundwater.
The hypotheses for this study are that I) the Kd value for AMD will be low, but a 
small amount of adsorption will occur, AMD sorption will be instantaneous, leading the 
AMD molecule to be a mobile solute; 2) AMD will be degrade by bacteria, which will 
lower AMD concentrations with time; and 3) degradation pathways will influence level 
of potential AMD contamination in a shallow ground-water system. To address the 
hypotheses, as series of laboratory and numerical experiments were conducted, including, 
I) batch and (abiotic) column experiments for measuring sorption levels and kinetics; 2) 
bacteria-inoculated column and natural (undisturbed) canal column tests for measuring 
rates and amounts of microbial degradation of AMD with time; and 3) numerical 
simulations to examine sensitivity of AMD concentration to combinations of degradation
pathways and field conditions. The methods used to carry out these objectives are 
explained in the methods section below.
This thesis is divided into chapters that present different aspects of the study. Chapter 
2 is a literature review that discusses past work related to PAM agricultural use, PAM 
degradation, AMD transport, and AMD microbial degradation. Chapter 3 describes in 
detail the methods and techniques used for the experiments in this study. Chapter 4 
provides the results from the testing, and Chapter 5 presents final conclusions and future 
recommendations.
CHAPTER 2
LITERATURE REVIEW 
This study focused on the fate and transport of AMD when released from PAM, when 
used as a sealant for water delivery canals. This section includes relevant literature in this 
area, and it includes a review of possible release mechanisms of AMD.
2.1 Previous agricultural PAM usage 
Polyacrylonitrile, the predecessor to PAM, was used in the early I950’s to decrease 
furrow erosion and increase aggregate stability. A study of its resulting increase in crop 
yield was published by Bear (1952). Due to its high cost, PAM was later formulated. 
Many studies have been conducted on PAM’s ability to stabilize soil structure (Helalia 
and Letey, 1988; Lentz et al., 1992), its uses for erosion control (Lentz et al., 1992; Lentz 
and Sojka, 1994; Sojka et al., 1998b) and it use to increase infiltration rates (Sojka et al. 
(1998c). Most of these studies used field tests on irrigation furrows using anionic PAM. 
These studies also showed that about 10 ppm PAM would effectively decrease erosion at 
a reasonable cost, and that 5 to 10 ppm would increase infiltration rates by helping 
stabilize existing soil structure.
Work by Letey (1996) showed that concentrations above 10 ppm PAM decreased 
infiltration due to increases in viscosity. Lentz (2003), however, suggested that a decrease
in infiltration between 10-50% can be achieved by surface sealing. The study showed that 
PAM created a seal at the soil/water interface, decreasing the ability of water to infiltrate.
The concentration of a mass of PAM in a volume of water (i.e., mg/L or ppm) does 
not directly correlate to how PAM is applied in the field. Because PAM is designed to 
treat a specific area of the canal, it is expressed in units of mass applied per area of 
coverage. The most common unit used in the field is pounds per canal acre (Ibs/ca).
These units imply that a solution concentration of 10 ppm would cover the same area as a 
solution containing ten times the water, yielding a concentration of 1 ppm; therefore, the 
amount of PAM applied to an area is independent of the volume of water or the solution 
concentration. Moran (2007) showed that a PAM application rate of 10 Ibs/ca can 
decrease hydraulic conductivity of sandy soil by more than 90%, depending on the 
suspended sediment concentration. The concentration levels of PAM that could result 
from canal treatment can be adjusted by using more or less water; however managing 
PAM concentrations in this way could influence the velocity in the canal and affect the 
area of coverage depending on the settling rate of PAM. If the concentration of PAM in 
the water can be kept below I ppm (the EPA drinking water standard), and if the residual 
AMD concentration in the PAM molecule is less than 0.05%, as required by the National 
Sanitary Foundation (NSF Standard 60), then the concentration of AMD will never rise 
above the EPA drinking water standard of 0.5 ppb (Code of Federal Regulations [40 CFR 
§141.111]), assuming all AMD released is residually held in the PAM molecule and not 
created from possible PAM degradation.
2.2 Possible PAM breakdown to AMD
Smith et al. (1996) tested a PAM thickening agent (PATA) used to thicken mixtures 
of herbicides and pesticide applications to crops, to evaluate if PAT A might degrade to 
AMD under artificial environmental conditions. They also tested its effects with a 
glyphosate-surfactant herbicide (GH). They ran tests for differing pH levels (5, 6 , 7, 8 , 9) 
kept at 25 °C with various light/dark cycles at temperatures range from 4 to 37°C, under 
light conditions simulated by a florescent lamp with wavelengths at 300 - 700 nm. The 
samples were measured once every week using high performance liquid chromatography 
(HPLC) to determine AMD and ammonia concentrations. They found that under artificial 
conditions PAT A without GH did not degrade to AMD, but that AMD did degrade and 
did so faster in the 24 hour light studies and in the higher temperature (37 °C) studies. 
However, when PAT A was mixed with GH, the AMD levels stayed consistent or 
increased regardless of temperature or light exposure, indicating that the GH either 
slowed down AMD degradation or that it caused a release of AMD from the PATA. 
Increases in observed ammonia concentration were thought to be caused by AMD 
degradation; however, using the ammonia concentrations alone precluded statistically 
differentiating the source of AMD, from either breakdown of the PAM molecule or 
release of AMD. They found that differing pH levels did not have any effect on the AMD 
degradation.
Smith et al. (1997) continued the work from Smith et al. (1996) by testing the same 
parameters of PATA and GH in outdoor conditions. The concentrations of PATA and GH 
were the same as used in the previous study. Outdoor tests were conducted with water 
sampled from a creek, pond, natural spring, and two wells. Distilled water was used as a
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control. The water and differing concentrations of PATA and GH treatments were placed 
in 50mL tubes and subjected to outdoor conditions of light and temperature. Undisturbed 
soil core samples of three types of soil (sand, sandy loam, and silt loam) were tested 
using the highest concentration of PATA with GH solution. They washed the column 
with 100 mL of the solution and collected samples every 8  hours for one week. They also 
set up soil boxes with the same soils oriented at a 5° angle to test for AMD movement in 
the runoff water. In all the water tests, AMD concentrations increased and then tapered 
off except in the natural spring water and in one of the wells where the concentrations 
increased and remained elevated. In the soil column test, AMD recovery was 97%, 73%, 
and 43% for the sand, sandy loam, and silt loam, respectively. The soil box tests showed 
no detectable AMD runoff from surface water. Smith et al. (1997) concluded that PATA 
degrades to AMD in outdoor environments based on the increased concentrations found 
in the waters tested, and that AMD is mobile in the soil system. The soil column tests 
showed only that AMD was mobile in soil, but they did not quantify the Kd values or 
present a breakthrough curve for AMD. Smith et al. (1997) state that PATA can contain 
from 0.05- 5.00% residual AMD depending on purity, but they never state the quality of 
the PATA used in their studies. Thus, the residual AMD released into the environment, 
versus the possible formation of AMD from PAM breakdown, can not be determined. 
Vers (1999) studied the degradation of PAM to AMD in the presence of GH and sunlight. 
Vers’ objective was to support or refute the hypothesis that PAM degradation to AMD 
could happen through a photolytically induced free-radical process made by Smith et al. 
(1997). Vers developed a procedure to measure AMD using HPLC analysis. He used tap, 
river and lake water samples and tested for the UV degradation by exposing the samples
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to outdoor ambient conditions for six weeks. According to Vers (1999), the HPLC assay 
used by Smith et al. (1996 and 1997) cannot separate acrylic acid and AMD or separate 
GH and AMD. The elution curves for these samples overlap, and would thus lead to a 
false positive for AMD, when only aerylic acid and GH were present. According to Vers 
study, no degradation pathway from PAM to AMD was detected in the presence of 
sunlight or GH using an improved HPLC different method that independently quantifies 
AMD, aerylie acid and GH.
Holliman et al. (2005) studied the degradation of eross-linked PAM in the field by 
aging samples of slate waste with PAM for 0 (eontrol), 18, 43, and 72 months. They then 
subsampled the soil and subjected the samples to UV exposure, pH treatment, 
temperature treatment, and biodégradation. They found that only exposure to 
temperatures of 35°C showed an increase of AMD and aerylie acid above drinking water 
standards. The concentrations of AMD recorded from Holliman’s experiments ranged 
from levels below detection limits for most samples to 453 ± 42 ppb in new PAM in 
35°C soil.
Woodrow and Miller (2007) examined potential UV degradation of PAM in a semi­
controlled outdoor experiment. Several sets of tests were conducted with 15 ppm PAM 
added to 100 mL of DI water in 125 mL flasks. A subset of the samples contained either 
humid acid or ferrous sulfate heptahydrate at 10 ppm. Another subset of samples 
contained 15 ppm PAM, 40 mL of irrigation canal water, and 3 ppm ferrous iron. All 
flasks were sealed with glass stoppers and placed outside on a building roof where they 
received unobstructed exposure to summer sunlight from dawn to dusk. A set of duplicate 
samples placed on the same roof were wrapped in aluminum foil as a control. During the
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experiment temperature ranged from 30-40°C and UVA light intensity (320-390 nm) 
reached a maximum intensity of 2.4 mW/cm^. Samples from the 100 mL DI water test 
were taken every hour for the first 8  hours, then every 24 hours, and then once a week. 
Samples from the 40 mL irrigation canal tests were taken every hour for the first 8  hours 
and a sample was taken at 24 hours at the end of the experiment. Samples were analyzed 
for PAM and AMD. Woodrow and Miller concluded that PAM degradation rates in DI 
water and irrigation water were the same. The half-lives for the PAM in only water, PAM 
with humic acid, and PAM with iron were 45 days, 5 days, and 3-4 hours respectively. 
AMD concentrations in the solution indicated release of residual AMD only. Results 
indicated that, if AMD was being released from the degradation of PAM, then the 
degradation rate was not high enough to replace AMD that was degrading.
The previous research done on PAM degradation indicates that AMD may be created 
in high temperature (>35°C) environments and when in contact with direct sunlight. 
However, PAM rarely if ever will be subjected to these elevated temperatures or 
experience prolonged exposure to direct sunlight in a canal environment.
2.3 PAM and AMD transport 
Malik and Letey (1991) determined the adsorption isotherms of PAM using batch 
studies with tritium-labeled PAM at different concentrations and at different charge 
densities in three different soils. They defined sorption as linear, and quantified it using 
the parameter Kd, which is included in;
C, = (1)
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where Cs is the concentration of the chemical of interest sorbed to the soil, IQ is the linear 
sorption coefficient, and Cw is the concentration of the chemical of interest in the 
solution. They determined that sorption of PAM was restricted to the external aggregate 
surface and that PAM sorbed better at higher charge densities. They calculated the Kd 
values for PAM to be 0.163, 0.190, and 0.145 for the 2% charge density; 1.046, 1.049, 
and 0.936 for the 21 % charge density; and 0.280, 0.291, and 0.327 for the 40 % charge 
density in the coarse-loamy soil, fine sand, and fine loamy soil, respectively. These 
results show that PAM adheres readily and strongly to soil surfaces. Presumably, this 
would indicate that PAM will also sorb strongly to soils at the bottom of water delivery 
canals.
Nadler et al. (1992) tested PAM desorption from soil using the same soil and PAM 
types as Malik and Letey (1991). They mixed 20 mL of solution containing PAM at 
concentrations of 120, 180, 240, 300, 400 ppm into 30 grams of soil for 16 hours, 
centrifuged the samples at 5000 rpm for 30 minutes, and decanted the solution. They then 
added 20 mL of DI water, shook the samples for an additional 16 hours, and centrifuged 
and sampled the supernatant for desorbed PAM. They also dried the soil, re-wetted it and 
then quantified the remobilization of PAM. They found that less than 10 percent of PAM 
desorbed from the soil and that, after the soil was dried and re-wetted, almost no PAM 
was released. They determined that very little PAM would desorb if soil was kept wet 
and that PAM would remain on the soil even after drying, due to irreversible bond 
between the polymer and soil. They concluded the mobility of PAM to be very low and 
even lower after drying.
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Nadler et al. (1994) tested the same formulation of PAM as Nadler et al. (1992) (i.e.,
2  % charge density, tritium-labeled) on two natural sandy loam and clayey loams soils in 
field sites in Israel. They excavated holes 0.4 x 0.4 meters wide and 0.25 meters deep and 
mixed 1, 2, and 3 grams of PAM into 4, 8 , and 12 L of water, thus keeping a constant 250 
ppm PAM in solution. After soaking, the original soil was replaced and left undisturbed 
for 10 months. During this time, 920 mm and 720 mm of water was used to irrigate the 
sandy loam and clayey loam sites, respectively. They found that the highest concentration 
of PAM in the sandy loam traveled to a depth of 0.42 meters, or about 17 cm deeper than 
the depth of application. No significant levels of PAM were detected below 0.45 meters 
in any of the sites. This shows that PAM mobility in soils is extremely limited and will 
not travel appreciably below the application area.
Research by Lande et al. (1979) shows that acrylamide is mobile in soil. Their 
research was done with soil thin-layer chromatography, which uses soil slurry for 
analysis. They also determined AMD half life, using liquid scintillation to analyze 
evolution, for aerobic (18-45 hours) and anaerobic (336 hours) conditions. Their work 
suggests that AMD persistence is greater in soils with lower microbial activity, and is 
greater in sandy soils than clay soils.
Brown et al. (1980) tested the sorption of AMD using distilled water, sea water, sea 
water with sediment, estuarine water, estuarine water with sediment, river water, river 
water with sediment, sewage works water, and sewage works water with sludge. They 
also tested adsorption onto kaolinite and montmorillonite clays, peat, cation exchange, 
anion exchange, and hydrophobic synthetic resins and neutral, acidic, and alkali activated 
carbons, all using autoclaved sterilized river water. The tests with sediment used 5 gm of
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sediment with one liter of AMD solution at concentrations of 0.5 mg/L (500 ppb) and 10 
mg/L (10,000 ppb). Samples were collected at 4- 24-, and 168-hour intervals. All samples 
showed no loss at 4 hours except samples treated with activated carbon, which showed a 
-95%  loss in the 0.5 mg/L and -60%  loss in the 10 mg/L samples. Almost all treatments 
showed no additional loss at 24 hours; however, at 168 hours all of the samples showed 
significant losses, most at 100% loss except sea water, DI water and sterilized river water 
with no sediments, which showed little or no loss. They concluded that sorptive processes 
were insignificant or undetectable but that bacterial degradation occurred in all the 
samples except the sea water, DI water and sterilized river water. Unfortunately the 
sampling intervals used were not sufficient to quantify any microbial degradation rates. 
Also they did not state the accuracy of their HPLC method used to detect AMD 
concentration. The accuracy on the graph shows differences at 1% of 0.5 mg/L which 
indicates that their detection limit was 0.005 mg/L or 5 ppb
We are not aware of any research on the transport parameters of AMD in soil. Soil 
column testing for these values may give new insight to the mobility of AMD in this 
environment. Moreover, predictive modeling has yet to be done to determine the fate, 
transport, and possible buildup of AMD in the environment, regardless of the use of 
PAM.
2.4 AMD microbial breakdown 
Shanker et al. (1990) studied the microbial degradation of AMD by soil 
microorganisms in sterilized and non- sterilized garden soil. Sterilization included 
autoclaving soil 3 times at 121°C for 1 hour on alternating days. Dry soil (10 grams) was
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placed 25 mL flask at 60% water holding capacity of the soil. AMD was added to the soil 
and water at 500 mg/kg. After 5 days, 100% of the AMD was degraded in the non-sterile 
soil. The sterile soil showed less than 5% AMD loss after 30 days and was believed to be 
statistically insignificant. The loss of AMD in the non-sterile soil was believed to be due 
to degradation by an unspecified strain of Pseudomonas bacteria. The authors concluded 
that, AMD was degraded into ammonia and acrylic acid. Shanker et al. (1990) also 
examined AMD degradation in bacterial cultures of Pseudomonas and found that the 
bacterium used AMD when given as both a sole carbon and nitrogen source under 
aerobic conditions.
Acrylic acid is not considered a heath risk by the EPA (EPA, 1994c) and the World 
Health Organization issued guidance on acrylic acid limits, with a guidance value of 9.3 
ppm (WHO, 1997).
Nawaz et al. (1993) showed that immobilized cells of Pseudomonas sp. and 
Xanthomonas maltophilla can use AMD as sole sources of carbon and nitrogen. They 
isolated AMD degrading bacteria and ran 3 sets of tests: one set of bacterial isolates, one 
set of cells that were immobilized, and one set with both mobile and immobilized cells.
In all sets, 50 mL of growth medium with 62.8 mM AMD added as the sole nitrogen and 
carbon source were placed in a 125 mL flask. The immobilized bacteria were contained 
on 3 grams of calcium alginate beads or polyurethane foam. Flasks were analyzed for 
ammonia, acrylic acid, and AMD. The free bacterial isolates of Pseudomonas and 
Xanthomonas maltophilla degraded AMD in 24 and 48 hours, respectively, while the 
concentration of bacterial cells increased substantially. During the experiments, 
concentrations of acrylic acid and ammonia initially increased, but then degraded to near
17
zero concentration after 96 hours. The immobilized tests showed that all AMD was 
degraded by Pseudomonas sp. in 6 hours and by Xanthomonas maltophilla in 8 hours, 
with ammonia and acrylic acid formed as bi-products. However, both types of bacteria 
utilized little of the acrylic acid or ammonia even after 240 hours of exposure. The tests 
with combined free and immobilized cells showed complete degradation of AMD in 6 
hours for both Pseudomonas and Xanthomonas maltophilla tests. Nawaz et al. (1993) 
showed that the combination of cells was able to utilize the acrylic acid and ammonia 
whereas immobilized cells alone could not.
Nawaz et al. (1994) continued the study of mobilized and immobilized cells of 
Pseudomonas sp. from Nawaz et al. (1993). Using the same experimental setup as before, 
AMD, butyramide, methacrylamide, and propionamide were added at 7.0 mM, 5.5 mM,
5.6 mM, and 6.1 mM concentrations respectively. The immobilized cells were able to 
breakdown all the amides into ammonia and carboxylic acids in less than 3 hours; 
however, they were unable to decrease the concentration of the carboxylic acids left in 
solution. The mobilized cells took 48 hours to completely degrade all amide types, but 
they utilized the byproducts of degradation to a much greater extent. This research proves 
that immobilized cells can be used for bioremediation of amide groups provided their 
breakdown products do not need to be remediated as well.
Several other bacteria have been shown to contain acrylamide, amidohydrolases, or 
amidases, which can break down AMD as well as other nitriles. Two different enzymes 
with opposite mechanisms can either degrade (amidase or amidohydralase) or create 
(nitrile hydratase) AMD (Figure 2.1). Some bacteria have both enzymes like 
Rhodococcus rhodochrous and s,ome Arthrobacter sp. (Nagasawa et al., 1993). These
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bacteria species not only have the ability to degrade AMD for energy, but also produce it 
by degrading acrylonitrile to create AMD for energy. Some bacteria known to produce 
amidases and therefore under the right conditions can degrade AMD are Klebsiella 
pnueumoniae, Xanthomonas maltophilla, Rhodococcus erythopolis, Rhodococcus sp., 
Alcaligenes eutrophus, Pseudomonas aeruginosa. Pseudomonas fluorescens, 
Methylophilus methylotrophus, Arthrobacter sp.. Bacillus sp., Mycobacterium smegmatis, 
and Aspergillus nidulans (Maestracci et al., 1988: Nawaz et al., 1993: Hirrlinger et al., 
1996: Nawaz et al., 1996: Nawaz et al., 1998).
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Figure 2.1: AMD production and degradation (Labahn, 2007)
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CHAPTER 3
MATERIALS, METHODOLOGY, AND DATA DESCRIPTION 
A batch sorption test, a flask degradation test, and three types of column experiments 
were conducted in this study. This chapter is a summary of the methods, experimental 
design, and purpose for each of these experiments.
3.1 Description of soil material 
The three types of soils have been selected for use in this study: (1) a # 70 mesh 
engineered washed silica sand (obtained from a home improvement store) that was used 
as a control soil, (2) a natural coarse-sandy soil from Grand Junction, Colorado (known 
as a C33 sand), and (3) a loam soil from an agricultural site also in Grand Junction, 
Colorado. These three different materials were chosen to give a range of infiltration rates 
and soil texture. These soils are identical to the soils used in a companion study (Moran, 
2007).
The #70 mesh engineered sand was already homogenized at time of purchase, no 
additional treatment was done. The C33 sand and loam soil were air-dried and the loam 
was sieved with a 2-mm screen to remove larger stones, soil aggregates, and other 
materials. The C33 sand was not sieved because the loss of the >2mm particles would 
have altered the grain size distribution significantly from known field conditions. The
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two materials were then homogenized, packed in storage buckets, and sealed with lids 
and duct tape for future use.
Because of the dependence of sorption on organic content of soil, soil types were 
tested for total organic carbon content (TOC) by A and L Western Agricultural 
Laboratories, Inc. (Modesto, CA). The laboratory used the Walkley-Black method with a 
limit of detection at 0.04%, for alkaline earth carbonates or total inorganic carbon 
content.
The saturated hydraulic conductivity (Ksat) of the soils was reported by Moran 
(2007) as 1746 cm/day, 1170 cm/day, and 136 cm/day for the #70 mesh sand, C33 sand, 
and loam soil, respectively. These values were used in this study.
Grain size analysis was determined by the Soil Characterization and Quaternary 
Pedology Laboratory (Desert Research Institute, Reno, NV). All samples were analyzed 
using the laser particle size analysis method (model Saturn Digisizer 5200, 
Micromeritics, Norcross, GA). Soils analyzed included grab samples of soil material 
without any treatment and samples that underwent autoclaving over a period of three 
cycles.
Surface area analysis was conducted on the three soil types and on a sample of #70 
sand that was wet sieved using the BET method (Brunauer et al., 1938) using a 
Micromeritrics ASAP 2010 (Norcross, Georgia). Also, an additional set of all four soil 
samples were analyzed after they were run through a single autoclaving cycle. This was 
done to ensure that autoclaving did not affect the total surface area of the material and to 
determine the effectiveness of removing fines from the #70 mesh sand by wet sieving.
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3.2 HPLC chemical analysis
All AMD samples were analyzed with an Agilent 1200 series HPLC (Santa Clara, 
California) equipped with an autosampler, a C-18 reverse phase column (Varian 
microsorb-MV 150 x 4.6mm, Palo Alto, California) fitted with a guard column (Varian 
MetaGuard 4.6 mm), and a UV-visible light DAD detector set at 195-nm wavelength.
The assay was conducted using the EPA Method 8316 for detecting AMD in water (EPA, 
1994b). The mobile phase for this method was deionized distilled water obtained from a 
Millipore unit (Millipore Milli-Q academic, Billerica, Maryland) at 18.2 MÜ (DI water 
for all experiments). Each analysis required an aliquot of 200 pL.
The HPLC was calibrated using known concentrations of AMD titrated into DI water. 
Agilent software (Chemstations Rev.B. 02.01-SRl) recorded the area response reading 
from the HPLC for each sample. Full calibration included the analysis of three samples 
spiked at 1, 5, 10, 50, 100, 500, 1000, and 5000 ppb AMD. Full calibration was done 
three times during the batch experiments, three times during the repacked column 
experiment, twice during the bacterial column experiment, and once before the soil core 
tests. In addition to full calibration, 10 percent QA/QC samples were inserted into all 
sample runs to ensure internal drift did not occur. The difference from the highest and 
lowest values at each concentration minus the average determined the positive and 
negative error of the reading. The average area readings (independent variable) were then 
linearly regressed onto concentration of AMD (dependent variable) to provide an 
estimate of concentration at any area. Results of tests at 1 ppb concentration never 
returned a measurable AMD peak and were not tested again after the batch experiments. 
Results of the tests at 5 ppb concentration did not return a definable peak for the bacterial
2 2
and canal column experiments most likely due to the extra minerals and ions from the 
water and media affecting the overall baseline. The calibration curve was biased toward 
the lower end of concentrations of AMD because this was the range expected in actual 
canal samples, and the laboratory experiments. Also, because the sample life of a C-18 
column is only 1000-2000 samples, three different C-18 columns were used during the 
experiment.
The method detection limit was determined by using a graphical methods developed 
by Hub aux and Vos (1970). The method detection limit (MDL on Figure 3.1) is a 
concentration with a 99% confidence that the measured concentration is not below the 
lower limit (or critical level; CL on Figure 3.1), which is zero in this case. This analysis 
was conducted using the TableCurve data analysis program (version 1.12, Jandel 
Scientific). The CL and MDL in this study are presented in Table 3.1. Method detection 
limits for the bacteria-inoculated column tests and the canal column tests were higher that 
the other tests because the chemical constituents in the growth media and canal water 
caused slight distortion to the baseline and peak overlap. The precision of the calibration 
measurements are still very good (>0.999 on calibration fits for all tests).
3.3 Experiment 1: AMD sorption batch tests
Batch experiments were conducted to determine the sorption coefficient or Kd value 
of AMD in different soil types and to develop equilibrium sorption isotherms and to 
estimate the retardation factor (R) for the soil types. These experiments were designed to 
yield data necessary to perform predictive modeling on the fate and transport of AMD in 
soil. With an increased understanding of AMD fate and transport through soil and
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Figure 3.1: Determination of MDL by the Huhaux and Vos (1970) method
Table 3.1: Critical level and minimum detection limit for all experiments
Test name Critical level Minimum detection limit
Sorption batch experiments 
AMD flask experiments 
Column experiments 
Bacteria column experiments 
Canal column experiments
ppb ppb
4.31
-3.95
- 12.21
101.2
51.18
8.31
15.10
21.90
179.6
91.30
groundwater, a more thorough evaluation of the use of PAM for treating unlined water 
delivery canal systems can be made. In addition to the three soils described above, an 
identical set of experiments was also conducted without soil to estimate analytical and 
method errors due to possible sorption of compounds to the centrifuge tubes used in the 
experiment.
Table 3.2 shows the experimental design. Five different concentrations of AMD were 
used in the batch experiments. Because AMD is likely to be released only from the PAM 
molecule itself when hydrated, and not from the degradation of PAM, the concentrations
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Table 3.2: Outline of experimental design for batch experiments
Treatm ent Treatm ent factors
No #70 mesh loam
Soil types Soil sand C33 sand soil
AMD concentrations (in ppb) 50 100 500 1000 5000
Mixing periods (in hours) 1 2 5 10 24
Number of soils 4
Number of concentrations 5
Number of mixing periods 5
Autoclaved soil No Yes
Number tests 200
Duplicate tests 200
10% QA 40
Total number of samples 440
of AMD (50, 100, 500, 1000, and 5000 ppb) correspond to PAM concentrations of 100, 
200, 1000, 2000, 10000 ppm in water assuming instantaneous release of all residual 
AMD present in the PAM molecule. These concentrations are, of course, significantly 
higher than would ever be expected in canal environments, but were used to ensure that 
AMD concentrations would exceed the method detection limits of the chromatography 
method. Papiemik and Yates (2002) recommend at least five concentrations for the 
calculation of sorption isotherms. The 50 ppb concentration was chosen because it is 
about five times the detection limit, and 100 times the EPA drinking water standard. The 
concentrations were increased to examine whether higher concentrations lead to higher 
sorption, including concentrations at 500 ppb to match the results from Holliman et al. 
(2005). For each concentration, replicate experiments were conducted to identify possible 
outliers and biases in the procedure. Also, replicate blank experiments were conducted
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for each mixing period, as listed in Table 3.2. Two sets of tests were also conducted to 
examine possible bacterial interference and/or degradation of AMD during the 
experiment. Soil pre-treatment was limited to autoclaving to reduce potential influence 
from microbial degradation. One full set of soil (all three materials) was not autoclaved 
and a second set was autoclaved. In addition, the #70 mesh sand was wet sieved with DI 
water to 125 |Jm for the autoclaved set to remove fine particles from the soil. The C33 
sand and loam soil were not wet sieved, through the C33 sand was dry sieved to 2 mm in 
accordance with the methods outlined by Papiemik and Yates (2002). Soil (500 gm) was 
autoclaved at 121 °C for 1 hour on alternating days using the methods similar to those 
used by Alef and Nannipien, (1995) and Shanker et al. (1990). Autoclaving was done to 
ensure that no biodégradation could contribute to AMD loss during the batch 
experiments. In addition to examining AMD sorption, possible kinetically-driven 
reactions were examined to test the assumption that sorption reactions were 
instantaneous. Thus, samples were individually mn for mixing periods of 1,2, 5, 10, and 
24 hours.
3.3.1 Experimental setup 
To conduct the batch experiments, 5 gm of soil was combined with 25 mL of a 
solution of 0.005M CaCl2 (Fisher Scientific, Santa Clara, California) and the prescribed 
concentration of AMD (EMD chemicals Omnipur, San Diego, California) in sterilized,
50 mL centrifuge tubes (VWR, San Francisco, California) with screw top caps. The 
sample masses were measured using a scale accurate to 0.001 gm with readability 0.0001 
gm (model a ll04, Mettler Toledo, Columbus, Ohio) and volumetric pipettes (Gilson 
pipetman models P20, P200, and PIOOO, Middleton, Wisconsin) to ensure accuracy of the
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concentration. The sample tubes were then placed on an orbital shaker (model C2 
Platform Shaker, New Brunswick Scientific, Edison, New Jersey) at 200 revolutions per 
minute (rpm) for the prescribed mixing periods. The orbital shaker and samples were kept 
in a dark room for the duration of the experiment to eliminate possible degradation from 
light sources. After mixing for the time period, the tubes were placed in a centrifuge 
(Beckman GPR model centrifuge, Fullerton, California) to separate the liquid and solid 
phases. The tubes were centrifuged at 1000 rpm or ~ lOOOg for 30 minutes. Liquid 
samples for chemical analysis were decanted from the centrifuge tubes with pipettes and 
placed in 2 mL clear glass high performance liquid chromatography (HPLC) vials 
(National Scientific, Rockwood, Tennessee) with screw tops. Samples were kept at room 
temperature in the HPLC autosampler bin until analysis. The bin is encased in a shaded 
cover to block light from the samples. The illumination light on the sampler was also 
turned off as were the lights in the room with the HPLC during analysis of the samples. 
The approach was to quantify sorption as the difference between the amount of AMD 
added to the sample and the amount of AMD remaining in solution (Papemiek and Yates, 
2002).
3.3.2 Determining sorption significance 
Observed sorption of AMD from the batch experiments was determined through 
several steps. First, concentrations of AMD remaining in the supernatant from duplicate 
samples were arithmetically averaged. The average concentrations were then tested for 
significance against the uncertainty levels using the results from the HPLC calibration. 
Samples with sorption amounts outside the uncertainty levels, and below detection limits 
were excluded from future analyses. Sorption results found to be significant were then
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compared to batch reactor measurements without soil (i.e., baseline measurements). The 
final estimates of AMD sorption onto the soil material at different concentration levels 
were then determined by subtracting the average loss of AMD from baseline results. This 
eliminated the error associated with possible AMD sorption onto the mixing/centrifuge 
tubes themselves, or through other degradation pathways.
3.3.3 Determining sorption isotherms and retardation factors 
Three forms of sorption isotherms are typically considered for sorption data: linear, 
Langmuir and Freundlich. Linear isotherms are used when a solute sorbs in the same 
proportion regardless of concentration, but usually in very low solute concentrations 
(Papiemik and Yates, 2002). Langmuir isotherms are based on the concept that the 
soil/water/air environment has a finite number of sorption sites, beyond which no 
additional sorption can occur. Freundlich isotherms are based on the concept that the 
affinity of the soil to sorb compounds changes with solute concentration. The affinity can 
increase or decrease with increasing concentration, giving the isotherm a concave up or 
concave down appearance (Papiemik and Yates, 2002).
The isotherms for the experiments were determined by fitting data to the linear, 
Langmuir, and Freundlich equations using TableCurve.
The linear isotherm equation reads:
c", = (2)
where Cg is the concentration of the chemical of interest sorbed to the soil, Kd is the linear 
sorption coefficient, and C%, is the concentration of the chemical of interest in the 
solution.
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The Langmuir isotherm equation reads:
c, ==(2%RjCw)/(i t arc;,) (3)
where b indicates the asymptote of the isotherm (maximum sorption) and K indicates the 
binding strength.
The Freundlich isotherm equation reads:
== aT/Cl'" (4)
where Kf and 1/n are empirical constants, 1/n indicates isotherm nonlinearity (Papiemik 
and Yates, 2002).
The retardation factor (R) for the soil types can then be determined by using the 
equation:
+ (5)
6
where pb is the bulk density of the soil, and 6 is the water content. In these experiments, 
0 equal the porosity.
3.4 Experiment 2: AMD degradation flask study
This test was conducted to determine natural breakdown of AMD in a controlled 
laboratory setting in pure deionized distilled water without the influence of bacteria. This 
helps determine if holding times from the end of the experiment to the analysis time by
HPLC would be a factor. This test was also used to determine if airborne particles in the
laboratory could somehow contaminate AMD flasks with bacteria and to determine if 
light can degrade AMD.
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3.4.1 Experimental design 
Four 250 mL flasks (VWR) were filled with 200 mL of a solution of DI water and 
5ppm AMD and placed on a shelf in the laboratory. One flask was exposed to air and 
light, one to air and kept dark with aluminum foil, one was covered with parafilm and 
exposed to light, and the last flask was covered from both air and light. Each flask was 
initially measured for AMD concentration and samples were taken from the flasks about 
every week for the first 14 weeks, then about every two weeks until the end of the test, 
after 26 weeks. The flasks were weighed (Sartorius GP4602 ± O.Olgm accuracy, 
Edgewood, New York) after each sampling and were checked for loss of water due to 
evaporation and refilled with DI water accordingly.
3.4.2 Determining flask sterility 
Flask sterility was checked using a positive or negative test for contamination. This 
method can determine if bacteria are contaminating the flask but the test is unable to 
determine the type of bacteria or whether a particular bacterium can degrade AMD.
The test was run by adding 100 |lL  of the flask solution to 5 mL of nutrient broth 
(EMD Chemicals, La Jolla, CA) in 16 mL screw cap test tubes (VWR) and incubating at 
room temperature on a slowly rotating shaker (Boekel Orbiton Rotator I, model 260200, 
Feasterville, Pennsylvania) for 48 hours. After the 48-hour incubation period, the samples 
were analyzed in a spectrophotometer (200+ spectrophotometer, Spectronic Instruments, 
Leeds, United Kingdom) for changes in optical density absorbance at a wavelength of 
600 nanometers (ODboo)- Changes larger than zero indicate bacterial growth.
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3.4.3 Determining half life, degradation rate, and degradation percentage 
To determine the half life and degradation rate of AMD, the exponential decay rate 
equation (Connors, 1990) was used to determine the decay rate, which is defined as:
Af(f) = //o f""  (6)
where N (t) is the quantity of the chemical of interest at time t. No is the initial quantity of 
the chemical of interest at time zero, and X is the decay constant. The half life is 
determined by the equation:
(7)
The data for all tests were imported into Tablecurve and the decay constant was 
determined by fitting the data to the equation:
(8)
The fitted degradation rate line allows for degradation percentage to be determined 
for any time.
3.5 Experiment 3: column tests 
Column studies were conducted to measure AMD transport and to verify results from 
the batch experiment by providing a secondary measurement of the sorbed concentration. 
Soil columns give a better representation of the soil in the field. Soil columns also allow 
for the determination of the retardation factor and diffusion coefficient simultaneously for 
each of the soil types by analyzing breakthrough curves of AMD pumped through the 
column. This information is necessary to simulate the fate and transport of AMD using 
computer models such as HYDRUS (Version 1.0) (Simûnek et al., 2006).
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3.5.1 Experimental design 
Table 3.3 shows the experimental design. The experiment uses the same three soil types 
as used in the batch tests and the same five concentrations of AMD. A duplicate set of 
experiments was conducted for each combination of concentration and soil type, to 
ensure repeatability in the estimates of transport parameters. As described above for the 
autoclaved batch tests, the #70 mesh sand was wet sieved with DI water to remove 
particles smaller than 125 pm diameter. The C33 soil was not sieved to 2 mm for these 
experiments to more accurately represent the particle size distribution in the field. No 
additional treatment was necessary for the loam soil for this test.
To better understand and test the column and pump apparatus, and to eliminate errors 
that could be caused by heterogeneity of material packing, bromide was used as a 
conservative tracer. Breakthrough curves with bromide were compared to the 
breakthrough curve of AMD.
3.5.2 Experimental setup 
The experimental setup for this test (Figure 3.2) uses an acrylic column (Soil 
Measurement Systems, Tucson, AZ) connected to a piston pump (Model QG 50 pump 
with QG50-2 pumphead, Fluid Metering Systems, Syosset, NY) with clear vinyl tubing 
(Home Depot) that conveys water from the solution flask through the column in an 
upward flow direction while a fraction collector (Retriever II model. Teledyne Isco, 
Lincoln, Nebraska) collects column effluent in test tubes. The fraction collector was 
programmed to collect about 30 samples per pore volume. The fraction collector could 
only be programmed to collect samples at six-second increments so the closest setting 
was chosen, which was 12 seconds per sample for the #70 mesh sand and C33 sand tests
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Table 3.3: General setup for bromide/AMD column tests
Treatment Treatment type
Soil types
#70 mesh 
sand C33 sand loam soil
AMD concentrations (in ppb) 50 100 500 1000 5000
Number of soils 3
Number of concentrations 5
Number of tests 15
Number of pore volumes 3
Samples per pore volume 30
Samples per test 1350
Duplicate tests 1350
10% QA 270
Total number of samples 2970
Figure 3.2: Setup for the repacked column experiment
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and 132 or 138 seconds per sample for the loam soil tests, depending on pumping rate. 
The volume collected for each sample varied slightly, because the pumping rate varied 
slightly during each experiment. A V2 mL aliquot of the collected sample was obtained 
from the test tube and analyzed for AMD in the HPLC. The remainder of the sample was 
then analyzed for bromide concentration with the specific ion electrode (model 720A 
specific ion meter with Thermo Orion model 94-35 bromide electrode. Thermo Orion, 
Beverly, Maryland).
The pumping rate was related to the saturated hydraulic conductivity of the soils, as 
determined by Moran (2007). Using the flow rate from the soils section the pore water 
velocity translated into mL/min in the column with a cross sectional area of 31.67 cm^ is 
38.40 mL/min, 25.73 mL/min, and 2.99 mL/min for the #70 mesh sand, C33 sand, and 
loam soil, respectively. Flow rates were set at approximately 24.6 mL/min for the tests 
for the #70 mesh sand and C33 sand, and 3.0 mL/min for the tests for the loam soil (the 
flow rate for the C33 sand is slightly less than the measured saturated hydraulic 
conductivity due to limitations of the maximum flow rate for the pump). The exact 
pumping rate for each test was determined for each column separately by collecting a 
sample in a test tube for exactly one minute and weighing it to determine the mass of the 
solution. The flow rate was then adjusted until the desired pumping rate was achieved. 
The stability of the pumping rate either immediately before of after the tests was 
determined by weighing a several pre-weighed test tubes and calculating the flow rate 
during the test. The flow rate for all the tests never deviated from the original determined 
flow rate during the test by more than a 0.08 mL/min (-0.33% of the total flow) for the
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#70 mesh sand and C33 sand tests, or by more than 0.03 mL/min (-1.00% of the total 
flow) for the loam tests.
In some cases, the sand-packed columns were used a single time, and then were 
repacked, and in other cases, the sand-packed columns were used repeatedly. The 
columns used for repeated experiments were flushed with at least 5 pore volumes of test 
solution similar to Korom (2000) to remove all remaining bromide and AMD before the 
next test was started. Laboratory analyses of bromide and AMD confirmed that levels 
were below detection limits at the start of subsequent tests.
3.5.2.1 Test solution for column tests 
The test solution used for the repacked column experiment was the same used by 
Moran (2007). This solution is a 0.005 M CaS0 4  (Fisher Scientific) test solution 
augmented with 0.3gm/L thymol (J.T. Baker, Phillipsburg, Virginia) as an anti-microbial 
agent. This is the standard test solution described by Klute and Dirksen (1986). This 
solution was chosen to correlate the experiments from Moran (2007) but also because the 
presence of cations is necessary for PAM to flocculate properly. The 0.005 M CaS0 4  
solution is equivalent to 200 ppm Ca"̂  ̂which correlates to the measurements in the canals 
in PAM field scale tests (Susfalk et al., 2007). Those results showed that canal samples 
contained 71, 196, and 234 ppm of Ca^^. In addition to Ca"̂  ̂the canal samples also 
contained 22, 89, and 128 ppm of Mg"̂ ,̂ and 38, 189, and 294 ppm of Na"̂ .
To make the test solution for the specific experiments, a concentrated stock solution 
of AMD was made by mixing 50 mL of test solution and 250 mg of AMD, creating a 
solution of 500 ppm. Then the necessary volume of the stock solution was added to the 
volume of the test solution, using the equation:
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=y,C^ (9)
where Vi is the volume of the stock solution, Ci is the concentration of the stock solution, 
Vz is the volume of the test solution and C2 is the concentration of the test solution.
Sodium bromide (EMD Chemicals) was then added to the test solution at a 
concentration of 200 ppm of bromide for all tests, and was pumped simultaneously with 
AMD. The concentration of bromide was in accordance with the measurement capacity 
of the specific ion electrode which has a minimum detection limit of 1 ppm and a 
maximum detection of over 80,000 ppm, though the company recommends at least a two- 
order-of-magnitude range for calibration.
3.5.2.2 Soil column preparation
The column used in this experiment is part of a pressure cell apparatus (Figure 3.3) 
with dimensions 7.62 cm (3 inch) outside diameter, 6.35 cm (2.5 inches) inside diameter, 
15 cm (5.9 inches) in length. The tubing for the column is made of a non reactive acrylic 
material.
The C33 sand and loam soil were packed to a target bulk density of 1.7 gm/cm^ and
1.5 gm/cm^, respectively, which are close to known field bulk densities in their natural 
undisturbed soil environment. The bulk density chosen for the #70 mesh sand was also 
kept at 1.7 gm/cm^.
Initial soil Water contents were obtained by weighing 1000 gm of air-dried soil and 
then placing it in an oven (Napco model 420, Fisher Scientific) for 105°C for 24 hours to 
drive off residual moisture on the soil. The soil was then weighed again and the 
gravimetric water content was then calculated as:
0g = (mass moist soil -  mass oven dry soil)/ (mass oven dry soil)
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Figure 3.3; Soil column used for experiments
The initial gravimetric water contents of the #70 mesh sand, C33 sand, and loam soil 
were between 0.0015 - 0.0017, 0.0024 - 0.0027, and 0.0081 - 0.0088 respectively. These 
measurements correlated well with the study by Moran (2007), so the same mass of soil 
was used to pack the columns. For the #70 mesh sand and C33 sand, a column packed to 
a bulk density of 1.7 gm/cm^ required 807.6 gm of oven-dry soil. For the loam soil, a 
column packed to a bulk density of 1.5 gm/cm^ required 712.58 gm of oven-dried soil. To 
account for the mass of residual water in the air-dried soil, an additional 0.15%, 0.27%, 
and 0. 87% of the oven-dried soil was added to the columns so the final weight of air- 
dried soil used to pack the columns to their respective bulk densities was 808.8 gm, 809.8 
gm, and 718.78 gm for the #70 mesh sand, C33 sand, and the loam soil.
Columns were packed using a water-packing technique, as used by Moran (2007). 
This packing method produces no apparent layering or particle size segregation and led to 
>96% saturation percentages for all column tests. To pack the columns, the outlet of a 
funnel (Figure 3.4 A) filled with the predetermined amount of soil was placed into the
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Figure 3.4: Pictures of (A) soil column funnel apparatus and (B) packing a column
column (Figure 3.4 B). A volume of test solution was added to the column, equivalent to 
2 - 3 cm in height, soil was then swirled into the column until the soil was near the water 
surface. Water was then added again and the process was repeated until the column was 
filled. When packing was nearly complete, the column was lightly tapped to settle the soil 
so that the final few grams could be added. Excess water was removed with a paper 
towel, to ensure no spillage of the soil.
The porosity of each column can be determined by the equation;
/  = ( l - ^ ) x l O O
P s
(10)
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where f  is the porosity, pb is the bulk density of the column, and p, is the standard particle 
density of a mineral soil, assumed to be 2.65 gm/cm^ (Hillel, 1998). The porosity of the 
#70 mesh sand, C33 sand, and the loam soil were determined to be 35.85%, 35.85%, and 
43.40% respectively.
The pore volume is the product of the porosity and volume of the soil column, and 
was calculated for the #70 mesh sand, C33 sand, and the loam soil to be 170.29 cm^, 
170.29 cm^, and 206.15 cm^. The percent saturation for each column is the quotient of the 
volumetric water content and pore volume. Pore volumes were determined for each 
experiment based on the known mass of soil added to the column assembly, and dividing 
by the volume of the column.
3.5.2.3 Pulse and step inputs for breakthrough curves
Two types of boundary conditions are used for the column flow-through experiments: 
pulse and step inputs. A pulse experiment is conducted by pumping through a 
predetermined amount of test solution (usually in pore volumes) containing a compound 
of interest and then pumping through test solution without the chemical of interest to 
leach the chemical from the column. Pulse breakthrough curves thus have both an 
adsorption and desorption front. If a compound sorbs onto soil and then desorbs during 
the leach phase of the experiment, the breakthrough curve exhibits a tailing effect. The 
shape adsorption and desorption curves are used to determine the sorption isotherm. A 
step experiment is conducted by continuously pumping test solution containing the 
compound of interest through the column. A step experiment sometimes uses multiple 
(and increasing) concentration steps, which thus yields multiple adsorption fronts
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3.5.3 Determining AMD/bromide breakthrough curves 
Data from the tests were plotted on graphs of AMD concentration relative to the 
initial concentration (Ci/Co) as a function of dimensionless time (i.e., pore volume). 
Data were then analyzed using the STANMOD software package (versions 1.0 and 2.0) 
(Simûnek et al., 1999). STANMOD uses a suite of modeling programs (CXTFIT, 
CFITM, CFITIM, and CHAIN) that takes experimental effluent data and calculates the 
breakthrough curve for a solute based on experimental conditions provide by the user, 
and transport parameters, which the program estimates. STANMOD solves the 
convective-dispersion equation (CDE) to evaluate solute transport in porous media:
dC dC
—  =  - V - —  + D  —  
at ox dx
—— — I- ^  ̂ (11)
where C is concentration, x is the spatial coordinate, v is the average linear velocity, D is 
the dispersion coefficient, and t is time. The program estimates solute transport 
parameters using a nonlinear least-squares parameter optimization method. By fitting 
analytical solutions to the observed column effluent data, the CXTFIT module in 
STANMOD predicts retardation factor (R) and dispersion coefficient (D) needed for 
predictive modeling using known values of initial concentration, time of sample 
collection, pulse application time, pore water velocity (v), and other boundary conditions 
to determine the breakthrough curve for a solute.
The pore water velocity for each column was determined by the equation:
"T
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where v is the pore water velocity, q is the flow rate or discharge rate, A is the cross 
sectional area of the column, and 0 is the volumetric water content, which is this case is 
the porosity.
Concentration for each sample was determined by converting the area response from 
the HPLC using the calibration equation obtained as described in section 3.2. Bromide 
sample concentration was estimated similarly by converting the millivolt response of the 
specific ion electrode using the calibration equation. Samples of the test solution were 
collected before the start of each test, and were analyzed for both bromide and AMD 
concentration to determine the initial concentration. Each samples concentration was 
divided by the initial concentration, yielding the relative concentration (Co/Ci), which 
were used for the breakthrough curve analysis. The pore volume at the time of each 
sample collection (i.e., used as dimensionless time) was obtained as the product of the 
flow rate and the experimental time. The pulse length (in units of time) was multiplied by 
the initial concentration to determine the mass of AMD and bromide pumped into the 
column for each test. The percent recovery of each tracer was determined as the sum of 
the individual masses of tracer collected in each sample (i.e., volume collected in each 
sample times the concentration), divided by the total mass of solute added. The Co/Ci and 
sample time data were entered into STANMOD and a predicted breakthrough curve was 
fitted to the observed data using estimated values of retardation factor (R) and dispersion 
coefficient (D). Values of dispersivity (a) were determined using the following equation:
a  = D !v  (13)
where v is the pore water velocity.
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3.5.4 Determining AMD sorption 
Methods developed by Burgisser et al. (1993) can then be used to determine the 
sorption in the column experiments. To use this method, the hydrodynamic dispersion 
coefficient (D J must be such that the peclet number is greater than 50, and the sorption 
process must be at equilibrium. The peclet number is defined as Pe = Lv / Ds where L is 
the length of the column and v is the pore water velocity. A peclet number greater than 50 
indicates that the effects of dispersion are minimal and can be ignored (Burgisser et al., 
1993). If these two conditions are met, then the sorption for the column can be 
determined by integrating the desorption front using the equation:
where Cs is the sorbed concentration of the chemical of interest, ps is the particle density 
of the column, 0 is the porosity of the column, t is the travel time from the first arrival of 
the chemical, tpuise is the time duration of the pulse input, to is the average travel time 
(length of the column divided by the pore water velocity) (Burgisser et al., 1993; Mon et 
al., 2006).
3.6 Repacked bacteria inoculated column tests 
The C33 sand and loam soil were inoculated with a known AMD-degrading 
bacterium and degradation rates were tested using an AMD step concentration of 5 ppm. 
Each test was conducted for about 10 pore volumes, at a flow rate of about 1 mL/min in 
both soils. Blank tests were also conducted for each soil without inoculated bacteria, to 
determine if the sterilization technique used between tests was efficient and effective.
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Thirty samples per pore volume were taken for the first two pore volumes and fifteen 
samples per pore volume for the last eight pore volumes. The extra sampling in the early 
stages of the test gave a better resolution for the degree of AMD sorption on the step 
breakthrough curve. Sampling for the latter part of the test was reduced to fifteen samples 
to limit the waiting time from sample collection to sample analysis in the HPLC.
3.6.1 Experimental setup 
The same experimental setup and column packing procedures used in the first set of 
column tests was used for this test. Only the C33 sand and loam soil were used for these 
experiments. Competing nitrogen sources were added to determine if competing nitrogen 
would affect the ability of the bacteria to degrade AMD. Two types of bacteria were used 
ones grown in media with 5 ppm AMD added so they would be experienced to degrading 
AMD and ones grown in media with no added AMD so they would be naive to seeing 
AMD. Additionally, the soils in this set of experiments were autoclaved using the same 
method as described in Section 3.3 to ensure that the soil was sterilized of interfering 
bacteria. Autoclavable tubing (Pharmed Masterflex silicone tubing, Cole-Parmer, Vernon 
Hills, Illinois) was used instead of the clear vinyl tubing and sterilized after each test. 
Sterilization of all components of the acrylic soil column and the pump head could not be 
done by autoclaving because autoclaving would warp or melt of the acrylic and 
negatively affect the ceramic. These pieces were instead soaked in an ethanol solution 
and air dried to kill bacteria on the column components and pump apparatus to reduce or 
preclude cross-contamination.
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3.6.1.1 Test solution for column tests 
The test solution was changed from that used in the first repacked columns, to ensure 
that the bacteria would have a growth medium similar to a natural environment. A 
solution of “flow through media” was made to achieve this. Several tests were conducted 
in which AMD was the sole nitrogen source, and other tests were conducted in which a 
competing source of nitrogen was added to determine whether the competing nitrogen 
sources affected the amount of AMD degradation by the bacteria.
Flow through media was a modified form of the M l medium (Myers and Nealson, 
1988) with added calcium to replicate the sodium adsorption ratio (SAR) of the previous 
test solutions. The modified test solution, called M l-SA R l contains 340 mg of CaS0 4 ,
112.3 mg Na2 SÛ4  (Mallinckrodt Chemicals, Hazelwood, Missouri), 450 mg KH2PO4 
(J.T. Baker), 1 gm K2HPO4 (J.T. Baker), 10ml of wolfs mineral solution (Wolin et al., 
1963), 0.4 mg NiS0 4  6H2O (J.T. Baker), and 180mg glucose (Mallinckrodt Chemicals).
For the tests run with no competing nitrogen source, 5 ppm AMD was used as the 
sole nitrogen source. In these cases, the nitrogen in the AMD is present at a concentration 
of 1 ppm. In experiments with competing nitrogen, 1 ppm of total nitrogen was achieved 
by adding KNO3 (J.T. Baker) and NH4CI (Fisher Scientific) to the 1 ppm AMD.
3.6.1.2 Isolation and characterization of column test bacterium 
Bacterium was isolated by enrichment culture technique using M l-SA R l broth 
shaken at room temperature. The isolated bacterium was taken from sediment sampled 
from canals in Klamath Falls, Oregon.
A volume of 100 mL of the medium containing AMD and 1 gram of soil was grown 
for 5 days, transferred, and isolated on M l-SA R l agar plates. The ability of the
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bacterium to degrade AMD was confirmed using HPLC analysis and; thus; the bacterium 
to be utilized for future studies was determined.
3.6.2 Determining AMD degradation rate, percentage, and half-life 
A predicted breakthrough curve from STANMOD without microbial degradation, and 
based on experimental conditions used in the first set of column experiments was placed 
on the same graph as the experimental data. This side-by-side comparison is a graphical 
example of the degree of degradation that would occur without consideration of microbial 
degradation. The degradation rate, half-life and total degradation percentage were 
determined using the same procedure as outlined in Section 3.4.3.
3.7 Experiment 5: canal soil core column tests
3.7.1 Experimental design/setup 
Canal soil cores were obtained from a field site in the Rocky Ford Highline canal, 
which flows near Rocky Ford, Colorado. Three soil cores were taken from each of two 
sites, one upstream where no PAM applications had taken place and another site 8.3 km 
downstream of a PAM treated canal reach. Soil cores were collected using a method 
similar to those described by Hendrickx and Dekker (2002). Here, an acrylic soil core 
sampler was manually pushed into the canal surface and then removed with a small 
shovel. Samples were stored at 4° C after collection until they were used in experiments. 
The sampling cores (7.65 cm ID by 15 cm long) fit into the pressure cells directly without 
any other modification. The flow through solution for this test was natural canal water, 
which was filter sterilized (Nalgene 150 ml analytical filter unit 2 pL pore size, Nalge 
Co., Rochester, New York) to remove bacteria.
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The same experimental setup as described earlier was used for these tests, except that 
soil cores from the upstream site were run at different AMD concentrations, one at 5 ppm 
and the other at 1 ppm. The soil cores from the downstream site were conducted using 
AMD at concentrations of 2.5 ppm and 1 ppm.
Bulk density of the soil was estimated by taking one of the three collected cores from 
each site and determining the bulk density before the test. The estimated pore volume for 
the column test for each site was then extrapolated from this. Pumping rate was kept at 1 
mL/min. When the experiments were completed, the columns were disassembled and the 
actual bulk density of the each core was independently determined.
3.7.2 Determining column degradation rate, half-life and percentage 
As with the bacterial soil column tests the estimated breakthrough curve with no 
microbial degradation was graphed with the experimental data. The soil in these tests is 
different than the soils from the column tests, however since no batch experiments or 
blanks could be run on these columns the no microbial degradation breakthrough curves 
were estimated with the same parameters obtained for R and D from the soil column 
tests. The degradation rate, half-life and total degradation percentage were determined 
using the same procedure as outlined before.
3.8 Predictive numerical modeling with HYDRUS-2D 
Numerical modeling was conducted to predict PAM and AMD migration in field 
scenarios using the HYDRUS-2D program (version 1.0) (Simûnek et al., 2006). The 
HYDRUS- 2D program numerically solves the Richards' equation for variably saturated 
water flow and convection-dispersion type equations for solute transport. Richards’
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equation is a combination of the continuity equation and Darcy’s law. Richards’ equation 
for one dimensional vertical flow is:
K(h)
dh .
(15)
where t is time in days, C is the soil water capacity curve, h is the soil water pressure 
head, K is the hydraulic conductivity of a soil, and z is the vertical distance. The 
convective dispersion equation described in equation 11 is transformed into the two- 
dimensional case in equation 16, and is modified to include processes of sorption and 
decay or degradation:
/ dC dC d c  _src
p  3 C J 3 ,
where cp is the porosity, S is the solute concentration in sorbed phase, and G is a source- 
sink term that represents the rate at which a solute will be removed from solution through 
decay or degradation (van Genuchten et al. 1974: Simûnek et al., 2006).
The data needed to run the model is the initial soil conditions, initial contaminant 
concentration, retardation factor, sorption coefficient, and microbial/UV degradation 
rates for AMD, and the hydraulic conditions in the canal environment (head level, depth 
to groundwater, and knowledge of the boundary conditions).
The numerical model focused on the transport of AMD from the canal itself through 
the partially saturated soil underneath the canal and downward to the water table. The 
results from the laboratory studies and knowledge o f flow  conditions in earthen canals 
were used to predict movement of AMD. Hydraulic properties for soil material used were 
determined by the van Genuchten - Mualem equations (van Genuchten, 1980; Mualem, 
1976) with no hysteresis. The governing equations for solute transport were solved using
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the Crank -  Nicholson time-weighting scheme, and Galerkin finite element space 
weighting scheme. A pulse length of 5 days for AMD was chosen to reflect a maximum 
time that PAM would release AMD by residual release. The models were run for 50 days. 
The test design is listed in Table 3.4 and the finite element mesh and pressure heads are 
shown in Figures 3.5a and b. Parameters for the van Genuchten equation were estimated 
using the Rosetta software (Schaap et al., 1998) found in the HYDRUS-2D package. The 
parameter specifically include residual soil water content (Or), saturated soil water 
content (0s), and the two soil water retention factors a , and n from the grain size analysis 
of the #70 mesh sand, C33 sand, and the loam soil. The known Ksat for each of the three 
soils described in Section 3.1 was used in lieu of the value provided by Rosetta.
The model was set up with no imposed gradient; causing the groundwater to have no 
initial flow at the start of the simulation. Once the simulation begins and water seeps 
from the canal, a water table mound is created and groundwater begins to move. Water 
table gradients measured from a particular field site for other PAM-related studies were 
not used for this modeling because of variability of field conditions. The soil material 
was assumed to be homogeneous and isotropic. The PAM layer in the canal was specified 
for nodes that connected with the canal surface and defined by modifying the van 
Genuchten parameters (0r, 0s, a , and n) until they were similar to soils that possessed 
Ksat values for soil treated with PAM at 5 and 10 Ibs/ca. Both full and partial canal seals 
were tested. To simulate a full and partial canal seal, nodes were assigned PAM-treated 
soil properties from the bottom of the canal to approximately half a meter below the 
water surface. Properties for untreated soil were assigned to the remainder of the canal 
nodes. Depths to the water table were simulated by setting the pressure head value at
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Table 3.4: Outline of HYDRUS test design
Treatment Treatment type
Soil type #70 mesh sand C33 sand loam soil
PAM conductivity levels 5 Ibs/ca 10 Ibs/ca
Water table level 0 meters 5 meters 10 meters
Full seal/ partial seal Full Partial
2 m e te rs  
 ►!
full an d  partial se a l "soils
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Figure 3.5A: Case study for PAM lined canal in the HYDRUS-2D program
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t'-m  p re s s u re  h ead
w a te r  tab le
1
Figure 3.5B: Pressure gradients for the canal with 5-meter water table depth
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the soil surface at -1 meter and increasing the values with depth by 1 meter for each 
meter of depth below the water table (i.e., hydrostatic head). The pressure head at the 
contact of the canal surface and the canal water was set at 0 meters to allow fluid from 
the canal to flow into the soil. A free drainage was setup at the far right side of the model 
domain. Observation nodes were placed at grid locations shown in Figure 3.5a. Flow 
distances are listed in Table 3.5. These nodes were used to record the predicted AMD 
concentrations as they changed with time. The concentrations were recorded as relative 
amounts, initial concentration at inlet divided by predicted concentration at node location 
(Ci/Co), similar to the representation of the breakthrough curves described in Section 
3.5.3. With these values, all the data needed to carry out the simulations (hydraulic 
conditions, soil hydraulic properties, and AMD transport parameters) are known.
3.9 Statistical analysis
3.9.1 Analysis of variance 
The one-way analysis of variance (ANOVA) (Moore and McCabe, 1999) was used to 
determine statistical similarity by comparing column transport parameters, the treatments 
and results in the bacteria column experiments, and the comparison of sorption isotherms 
and retardation factors between the column and batch studies. Tests were run using the 
XLSTAT (Addinsoft, Version 2007.7) statistical analysis program. This statistical 
method compares the means of two independent sample sets that possess normal 
distributions. If the data in both sets are numeric, then the ANOVA simply becomes a 
linear regression test. If one set is numeric and the other set is nominal, then the ANOVA 
is used. For both cases, similarity between means is examined by testing for the null
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Table 3.5: Observation node properties
Observation node name Grid location________ Distance from sourcef
..................... -   (x, z)-meters-------   meters---
Node 1 (2.5, -1.8) 0.92
Node 2 (2.75, -4.75) 3.79
Node 3 (2.75, -7.5) 6.46
Node 4 (3, -10) 8.46
Node 5 (10, -10) 12.22
Node 6 (20,-10) 20.44
Node 7______________________________________(25,-10)___________________ 25.04
t  - Based on point-to-point measurements; not necessarily along flow lines
hypotheses (no difference in the means) or the alternative hypotheses (differences in the 
mean exist). In essence, the ANOVA partitions the total sum of square differences into 
components of model error and variance about the mean. If the null hypothesis is true 
(i.e., no difference in the mean values), then the ratio of mean square of the model (M SG) 
to the mean square error (M SE), or the F value, will be less than a critical value 
determined from the degrees of freedom of the numerator (DFG) and the degrees of 
freedom of the denominator (DFE). The DFG is determined by:
DFG = 7 - 1  (17)
where /  is the number of sample means tested. DFE is determined by:
DFE = N - I  (18)
where N  is the total number of samples. Values of DFG and DFE determine the F critical 
value, based on the level of confidence desired. All data analysis was done at a 95% 
confidence (i.e., a  = 0.05) to determine the F critical value. A lso, the P-value for each 
test is determined to quantify the possibility that a higher F value would occur by chance. 
Higher P-values indicate a higher confidence in the finding of similarity of means (i.e., a
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P-value of 0.90 means a 90% chance that a calculated F value would be higher than the 
critical F-value determined for the specific case).
3.9.2 Multiple comparison 
In cases where the null hypothesis is rejected in the ANOVA, a multiple comparison 
of sample means is conducted to determine which sets of data are similar and which sets 
are statistically different from one another. The multiple comparisons were done by 
computing the t statistics for all the pairs using the equation:
X -  - X .
h = - — ^  (19)
where i and j  are two different sample sets, Xi and xj are the means of the sample sets, n; 
and nj are the number of samples for each sample set, and Sp is the pooled sample 
standard deviation which is determined by:
V(^l + ( « 2  -  +••• +  («„ ~ 1 ) ‘̂ «
s „ = ------------------------------------------------------------- (20)
(«J -  1) +  («2 “  1) +  ••• +  («„ -  1)
where S|  ̂ is the sample variance of a particular sample set. If the absolute values of tÿ > 
t*, which is determined from the multiple comparison procedure used to fit the the data, 
then the means are statistically different. Tukey’s HSD (honestly significant difference) 
test was used in this study as it is the most widely used test for multiple comparison 
(Moore and McCabe, 1999). This test states that a t* value greater than 2.80 shows 
statistical different.
3.9.3 ANCOVA statistical analysis 
The data for the sorption studies was also analyzed using the two way analysis of 
covariance (two-way ANCOVA) technique (Moore and McCabe, 1999) using the
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XLSTAT (Addinsoft, Version 2007.7) statistical analysis program. This statistical 
method is used when two independent variables (factors A and B) are being applied to a 
dependant variable (e). In this study for example, the experimental design has there is a 
nominal independent variable (soil type), a numeric independent variable (AMD 
concentration), and a numeric dependent variable (sorption). The test provides answers to 
three questions: (1) Does the soil type affect sorption of AMD?; (2) Does the AMD 
concentration affect sorption?; (3) Do certain soil types and AMD concentrations 
together affect sorption?
If no interaction is found between the independent variables, then an additive model 
can be used. The additive model is:
^ijk = + Pj + (21)
where a  is the effect of factor A, P is the effect of factor B, i is the number of A factors, j 
is the number of B factors, k is the number of replications as each combination of factor 
A and B, and e is the dependent variable. To test this model, three null hypotheses are 
posed and addressed based on laboratory data. The test solves the models for their F 
statistics based on the sums of squares and the mean square quantities (Moore and 
McCabe, 1999).
If interaction is found between the independent variables, then a model that allows for 
interaction is used. This model is:
^ijk =  +  P j  + 7ij + 4 / (22)
where yij is the interaction between variables A and B. To test this model, four null 
hypotheses were set up based on the data and solved for their F statistics based on the 
sums of squares and the mean square quantities (Moore and McCabe, 1999). As
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described above, a small F value with a high P value indicates that the sample means are 
statistically similar. The results provide statistically validated relationships between the 
sorptive characteristics of AMD, given the concentrations and soils used in the study, as 
well as relationships between R and concentration and soils.
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CHAPTER 4
DATA ANALYSIS
4.1 Soil physical properties
4.1.1 Particle size distribution 
Particle size distributions of the fine-earth fraction (i.e., particle sizes < 2 mm) for the 
three soil materials collected using the grab method are listed in Table 4.1. Table 4.2 
provides the particle size analyses from samples that were also taken from bulk storage, 
but that underwent autoclaving. The results (shown as differences in Table 4.3) illustrate 
the very small changes in fine content (silt + clay), possibly due to autoclaving or just 
random variability from collection in the storage buckets. In some cases, the fines content 
increased, and other cases it decreased.
4.1.2 Surface area analysis 
The results of the surface area analysis are shown in Table 4.4. The results for the wet 
sieved #70 mesh sand versus the non-sieved sand show a 0.024-0.107 (6.4 - 28.7%) 
decrease in total surface area after wet sieving, indicating that the fines were washed out 
of the soil from wet sieving. The differences in the non-autoclaved material versus the 
autoclaved material are 17.2%, -5.0%, -0.8% and -5.4% change in surface area for the 
non-wet sieved #70 mesh sand, wet sieved 70 mesh sand, C33 sand, and loam soil 
respectively. The lack of any observable trend of change in the soils supports the 
conclusion that soils were not altered due to autoclaving.
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Table 4.1: Particle size distributions of fine-earth fraction (< 2 mm) for three soil 
materials used in the research.
Type of soil Gravel Sand Silt Clay
-%- -%- -%-
>2mm l-2mm >62.5 um 15 um 3 um <3 um
#70 mesh sand 0.00 0.00 97.50 1.30 0.20 0.90
C33 sand 0.00 24.50 72.20 1.10 1.10 1.20
loam soil 0.00 0.00 80.39 6.36 4.36 8.89
Table 4.2: Particle size analysis for C33 sand and loam soil autoclaved samples
Sample name Gravel Sand Silt Clay
>2 mm >62.5 um 15 um 3 um <3 um
- - % - -  % - - % - -
C33 sand-sample 1 no autoclaving 17.19 98.77 0.25 0.41 0.57
C33 sand-sample 1 autoclaved 1 time 15.15 98.71 0.28 0.44 0.57
C33 sand-sample 1 autoclaved 2 times 15.36 98.59 0.32 0.46 0.64
C33 sand-sample 1 autoclaved 3 times 17.21 98.83 0.24 0.40 0.53
C33 sand-sample 2 no autoclaving 18.22 98.39 0.30 0.56 0.75
C33 sand-sample 2 autoclaved 1 time 15.40 86.89 2.88 4.27 5.96
C33 sand-sample 2 autoclaved 2 times 15.21 98.62 0.00 0.40 0.97
C33 sand-sample 2 autoclaved 3 times 13.02 98.79 0.25 0.44 0.51
loam-sample 1 no autoclaving 0.00 80.39 6.36 4.36 8.89
loam-sample 1 autoclaved 1 time 0.00 80.69 6.36 4.34 8.61
loam-sample 1 autoclaved 2 times 0.00 81.30 5.75 4.26 8.69
loam-sample 1 autoclaved 3 times 0.00 81.68 5.74 4.20 8.39
loam-sample 2 no autoclaving 0.00 87.49 4.33 2.83 5.35
loam-sample 2 autoclaved 1 time 0.00 80.85 6.31 4.29 8.56
loam-sample 2 autoclaved 2 times 0.00 80.90 6.06 4.36 8.68
loam-sample 2 autoclaved 3 times 0.00 81.42 5.77 4.15 8.66
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Table 4.3: Change in grain size for C33 sand and loam from autoclaving cycles
Sample name Sand Silt Clay
>62.5 um 15 um 3 um <3 um
- % - - % -
C33 sand-sample 1 autoclaved 1 time -0.06 0.03 0.03 0.00
C33 sand-sample 1 autoclaved 2 times -0.18 0.07 0.05 0.07
C33 sand-sample 1 autoclaved 3 times 0.06 -0.01 -0.01 -0.04
C33 sand-sample 2 autoclaved 1 time -11.50 2.58 3.71 5.21
C33 sand-sample 2 autoclaved 2 times 0.23 -0.30 -0.16 0.22
C33 sand-sample 2 autoclaved 3 times 0.40 -0.05 -0.12 -0.24
loam-sample 1 autoclaved 1 time 0.30 0.00 -0.02 -0.28
loam-sample 1 autoclaved 2 times 0.91 -0.61 -0.10 -0.20
loam-sample 1 autoclaved 3 times 1.29 -0.62 -0.16 -0.50
loam-sample 2 autoclaved 1 time -6.64 1.98 1.46 3.21
loam-sample 2 autoclaved 2 times -6.59 1.73 1.53 3.33
loam-sample 2 autoclaved 3 times -6.07 1.44 1.32 3.31
Table 4.4: Surface area analysis
Sample name Surface area
-m ^/gm -
#70 mesh sand - no autoclaving 0.309 ± 0.004
# 70 mesh sand - autoclaved 0.373 ± 0.008
wet sieved #70 mesh sand - no autoclaving 0.285 ± 0.007
wet sieved #70 mesh sand - autoclaved 0.266 ± 0.007
C33 sand - no autoclaving 2.26 ± 0.088
C33 sand - autoclaved 2.24 ± 0.095
loam soil - no autoclaving 9.82 ±0.033
loam soil - autoclaved 9.29 ± 0.027
4.1.3 Total organic content (TOC) analysis 
The TOC for the #70 mesh sand was below the detection limit. The TOC in both the 
C33 sand and the loam soil was 0.28%. The inorganic carbon in the soils was 0.49%, 
2.28% and 5.46% for the #70 mesh sand, C33 sand, and loam soil, respectively. TOC was 
also analyzed in the canal core samples and was shown to have values of 0.16% and 
0.08% for the Site 1 columns and 0.24% for both Site 2 columns. Overall, the results
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show that organic carbon contents were quite low in the soils tested, and therefore are not 
expected to play a significant role in the sorption of AMD.
4.2 Experiment 1: AMD sorption batch tests
4.2.1 Sorptive characteristics of AMD 
The analytical results are presented below in Tables 4.5 and 4.6 for un-autoclaved and 
autoclaved soils, respectively. Results labeled as “False” indicate that sorption was not 
statistically significant based on the detection limit for the HPLC analysis, and results 
labeled as “True” were found to be significant. The results showed no significant sorption 
of AMD onto C33 sand. In some cases (i.e., un-autoclaved soil with AMD concentrations 
of 50 and 100 ppb) it appears that AMD concentrations were higher after the batch 
studies, though changes in concentration were not significant. In the case of #70 mesh 
sand, significant sorption was observed for material that did not undergo autoclaving. 
Sorption was not significant after autoclaving. These differences are attributed to the wet 
sieving that was done immediately prior to autoclaving. Thus, the differences are an 
artifact of the experiment. This is confirmed by the surface size analysis presented in 
section 4.1.2, which showed that the average surface area dropped by 28 percent due to 
wet sieving the autoclaved soil. The amount of sorption in the #70 mesh sand was not 
significant in the autoclaved, wet sieved samples. For the loam soil, sorption was found 
to be significant at all concentrations tested, illustrating the importance of fine grained 
fractions (silt and clay) in the sorption process. AMD sorption onto autoclaved loam soil 
was observed to be higher than on untreated soil, but this is attributed to random 
differences in the grab samples. The results from both sets of experiments (autoclaved
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Table 4.5: Results from the un-autoclaved tests for all mixing times
Soil type
AMD
Cone.
AMD
sorbed
AMD in 
solution
AMD
sorbed
AMD
sorbed
minus
control
Significant
sorption
-ppb- -p p b — mmol/gm — — %—
No soil 50 5.76 8.11E-07 11.52% 0.00% NA
No soil 100 5.35 7.52E-07 5.35% 0.00% NA
No soil 500 14.45 2.03E-06 2.89% 0.00% NA
No soil 1000 12.28 1.73E-06 1.23% 0.00% NA
No soil 5000 90.77 1.28E-05 1.82% 0.00% NA
#70 mesh sand 50 11.75 1.65E-06 23.50% 11.98% TRUE
#70 mesh sand 100 16.41 2.31E-06 16.41% 11.06% TRUE
#70 mesh sand 500 30.82 4.34E-06 6.16% 3.27% TRUE
#70 mesh sand 1000 28.54 4.02E-06 2.85% 1.63% TRUE
#70 mesh sand 5000 153.02 2.15E-05 3.06% 1.24% TRUE
C33 sand 50 4.66 6.56E-07 9.33% -2.20% FALSE
C33 sand 100 0.00 O.OOE-hOO 0.00% -5.35% FALSE
C33 sand 500 21.27 2.99E-06 4.25% 1.36% TRUE
C33 sand 1000 11.59 1.63E-06 1.16% -0.07% FALSE
C33 sand 5000 100.22 1.41E-05 2.00% 0.19% TRUE
loam soil 50 16.77 2.36E-06 33.54% 22.01% TRUE
loam soil 100 14.14 1.99E-06 14.14% 8.80% TRUE
loam soil 500 51.73 7.28E-06 10.35% 7.46% TRUE
loam soil 1000 66.04 9.29E-06 6.60% 5.38% TRUE
loam soil 5000 173.37 2.44E-05 3.47% 1.65% TRUE
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Table 4.6: Results from the autoclaved tests for all mixing times
Soil type
AMD
Cone.
AMD
sorbed
AMD in 
solution
AMD
sorbed
AMD
sorbed
minus
control
Signifîcant
sorption
-ppb- —ppb— mmol/gm — %— --------^0 —
No soil 50 14.90 2.10E-06 29.81% 0.00% NA
No soil 100 17.50 2.46E-06 17.50% 0.00% NA
No soil 500 23.85 3.35E-06 4.77% 0.00% NA
No soil 1000 22.52 3.17E-06 2.25% 0.00% NA
No soil 5000 80.61 1.13E-05 1.61% 0.00% NA
#70 mesh sand 50 10.50 1.48E-06 20.99% -8.82% FALSE
#70 mesh sand 100 10.55 1.48E-06 10.55% -6.95% FALSE
#70 mesh sand 500 8.58 1.21E-06 1.72% -3.05% FALSE
#70 mesh sand 1000 0.00 O.OOE+00 0.00% -2.25% FALSE
#70 mesh sand 5000 63.61 8.95E-06 1.27% -0.34% FALSE
C33 sand 50 13.30 1.87E-06 26.61% -3.20% FALSE
C33 sand 100 16.82 2.37E-06 16.82% -0.67% FALSE
C33 sand 500 32.75 4.61E-06 6.55% 1.78% TRUE
C33 sand 1000 37.16 5.23E-06 3.72% 1.46% TRUE
C33 sand 5000 117.64 1.65E-05 2.35% 0.74% TRUE
loam soil 50 39.10 5.50E-06 78.20% 48.39% TRUE
loam soil 100 36.03 5.07E-06 36.03% 18.53% TRUE
loam soil 500 102.00 1.43E-05 20.40% 15.63% TRUE
loam soil 1000 94.53 1.33E-05 9.45% 7.20% TRUE
loam soil 5000 198.42 2.79E-05 3.97% 2.36% TRUE
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and un-autoclaved) showed that mixing periods did not affect the amount of AMD 
sorption onto soil materials (Figures 4.1 and 4.2), indicating that the sorption reactions 
are instantaneous and not kinetically driven. The results also showed no substantial 
difference in sorption between the autoclaved and un-autoclaved tests, indicating that the 
reduction of AMD in solution was not influenced by microbial activity.
4.2.2 Sorption isotherms 
The linear, Langmuir and Freundlich isotherms were all fitted to the data using the 
correlation coefficient (R^) as a measure of fit to the sorption data (Table 4.7). The results 
show that AMD sorption isotherms in all samples fit best to the Freundlich isotherm: 
however, only the loam soil had a major affinity for the Freundlich isotherm. The #70 
mesh sand and the C33 sand fit both Freundlich and liner well. The Freundlich isotherms 
for the three significant tests are presented below with error for a 95% confidence 
interval. Other test results found not to be significant are not shown below.
The Freundlich isotherm for the un-sieved un-autoclaved #70 mesh sand:
C, = 2 .03x10 “̂  ±1.03xl0-^C°” °™ (23)
The Freundlich isotherm for the non autoclaved loam:
C, = 6.07xlO"  ̂± 2 . 3 2 x 1 0 " " (24) 
The Freundlich isotherm for the autoclaved loam:
C, = 2.27x10"" ± 8.87x10 " (25)
The R values for the soils were determined using the Kd values obtained by fitting the 
linear isotherm to the batch data. The values are presented in Table 4.8.
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Figure 4.1: Concentrations of AMD sorbed onto non-autoclaved soil
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Figure 4.2: Concentrations of AMD sorbed onto autoclaved soil
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Table 4.7: Correlation coefficients for isotherms
Correlation Coefficients
Soil type Linear Langmuir Freundlich
Un-Autoclaved #70 mesh sand 0.8478 0.7065 0.8577
Autoclaved #70 mesh sand 0.5599 0.5178 0.5790
Un-Autoclaved C33 sand 0.6891 0.6409 0.7036
Autoclaved C33 sand 0.5211 0.5312 0.5884
Un-Autoclaved loam soil 0.7038 0.7511 0.8045
Autoclaved loam soil 0.1864 0.5016 0.5408
Table 4.8: Estimated retardation values
Water Retardation
Soil type Kd Pb content (0) Factor
/ ryrr-î — %—g / LIIl
Un-Autoclaved #70 mesh sand 5.09x10^ 1.7 0.3585 1.024
Autoclaved #70 mesh sand 0Î 1.7 0.3585 1.000
Un-Autoclaved C33 sand 0Î 1.7 0.3585 1.000
Autoclaved C33 sand 0Î 1.7 0.3585 1.000
Un-Autoclaved loam soil 6.31x10'^ 1.5 0.4340 1.022
Autoclaved loam soil 6.05x10^ 1.5 0.4340 1.020
t  - indicates that determined sorption coefficients are not significant
The linear isotherm for the non-autoclaved #70 mesh sand:
C, = 5 .0 9 x 1 0 “  ̂± 4 .5 4 x 1 0 ^  
The linear isotherm non-autoclaved loam:
C, =6.31x10-^±4.91x10-^ 
The linear isotherm autoclaved loam:
(26)
(27)
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c ,  = 6.05 x l O ' +  8.85 x 10^ (28)
4.3 Experiment 2: AMD degradation flask study
4.3.1 Flask degradation rates 
Estimated degradation and AMD half lives for the flask tests are shown in Table 4.9 
and the graph of the degradation rate fits is shown in Figure 4.3. The test with the fastest 
degradation rate was the Closed-Air Open-Light tests. The two samples open to light are 
the highest and lowest in degradation indicating that light, at least at the wavelengths 
found in the laboratory, had no definitive effect on AMD degradation. Also the samples 
closed to air were found to have the two fastest degradation rates. This leads to the 
conclusion that having the samples open to air also has no definitive effect on the 
degradation of AMD. One possible explanation for the faster AMD degradation in closed 
air samples is the potential of contamination from bacteria during sampling. Determining 
similarity of degradation rates could not be done because of the lack of replicates and 
samples.
The results show a large difference in the degradation rates between the Open-Air 
Open-Light test and the Closed-Air Open-Light test. Degradation rates for the other two 
treatments were within two standard deviations from the mean of the group of samples. 
Results were similar for the half lives as well. The small sample size and large 
differences limit the type of statistical analyses that can be performed on the data. The 
results indicate that AMD is stable at room temperatures for a long time, thus confirming 
that holding times for HPLC analysis (on the order of 12-24 hours) were not an 
influencing factor for sample analysis.
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Table 4.9: Estimated flask degradation values
Test
Degradation 
rate constant
Final
degradation Half life
-----h o u rs '----- — days—
Open Air Open Light 2.17E-03 26.12 319
Open Air Closed Light 4.06E-03 58.95 171
Closed Air Open Light 1.03E-02 94.79 67
Closed Air Closed Light 6.50E-03 76.09 107
#  O p e n  a ir o p e n  light
O O p en  air c lo se d  light
T  C lo sed  air o p e n  light
A  C lo sed  air c lo sed  light
50 100
Time (in days)
150 200
Figure 4.3: Graph of flask data and degradation rates (symbols are observed data, lines 
are fitted degradation rates)
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4.3.2 Flask sterility analysis 
Sampling for bacterial contamination of the flask was first conducted approximately 
3.5 months into test. Results showed that the Closed-Air Closed-Light flask contained an 
unknown bacterium at and showed an optical density reading of 0.020 OD^oo- Samples 
from the other three flasks registered zero optical density in the spectrophotometer, 
indicating that they had not been contaminated. Sampling for a second contamination test 
was done approximately 6.5 months (at the end of the test), and the results of these tests 
indicated that all four flasks had become contaminated. The Open-Air Open-Light flask, 
Open-Air Closed-Light, Closed-Air Open-Light, and Closed-Air Closed-Light flasks 
measured 0.032, 0.146, 0.127, and 0.206 OD^oo respectively. The higher optical density 
readings may indicate a higher bacterial cell count if the cells are of the same type. 
Although the cell count can not he derived from this test without calibrating for the 
specific type of bacteria, the result at least provides an idea of the level of contamination. 
Also, since the bacteria in the flasks were not identified, their potential for AMD 
degradation is unknown. Nonetheless, if higher contamination level is indicative of 
higher degradation rates, then the optical density test results could partially explain the 
substantial difference in the AMD degradation rates in the flasks.
4.4 Experiment 3: repacked column tests
4.4.1 Analysis of breakthrough curves 
Table 4.10 presents the percent recovery for AMD and bromide, and the pore water 
velocity and water content for each experiment. Tests are identified by soil type, 
concentration (C5= 5000, C4= 1000, etc.), and experimental replicate. Table 4.11 lists the
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transport parameters estimated from each of the breakthrough curve experiments 
(Appendix I graphs the fitted and modeled data for each experiment). Solute recoveries 
tended to be consistently between 95% and 100% for all three soils. Mean recoveries for 
#70 mesh sand, C33 sand, and loam soil were 96.17 %, 97.79 %, and 92.27 % 
respectively. Values across all three soil types ranged from 81.61% - 105.26%, with the 
lowest recovery values in the low concentration loam soils.
Data from the column tests shows that the R values for AMD are close to unity for 
every test for every soil type (ranging from 0.98-1.06), indicating that AMD is a 
conservative compound. Because the diffusion coefficient for AMD and bromide are so 
low, 1.4x 10’^̂  cm^ / s, and l.Ox 10'^ cm^ / s respectively (Blaya et al., 2004 and 
Maloszewski et al., 1998), the diffusion coefficient was considered to be insignificant. 
Values of D and a  were then used to determine if dispersion in the different soils was 
similar.
Using ANOVA, multiple comparison tests, and ANCOVA analyses, R, D, a , and 
percent recovery were tested for similarity for all initial concentrations and soil types. 
The F-values, F-critical values, and P-values for all the ANOVA and ANCOVA analysis 
are shown in Table 4.12 and the multiple comparison T-values and P-values are listed in 
Table 4.13. Test results show that R for AMD is similar for all soil types and 
concentrations. The D values, however, were determined to be statistically different. 
Multiple comparison tests were done to determine which soil led to differences in D. The 
results showed that #70 mesh sand, C33 sand, and the loam soil were all significantly 
different from each other, indicating that the different grain size distributions in the soils 
are causing differences in the flow characteristics in the columns. Initial concentrations
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Table 4.10: Recovery and experimental conditions for soil column experiments
Experiment AMD recovery Br recovery
Pore water 
velocity
Water 
content (0)
—cm^/min—
#70 sand, C5-1 93.65 93.33% 2.17 36.96
#70 sand, C5-2 95.95 92.77% 2.16 37.04
#70 sand, C4-1 96.91 91.59% 2.14 36.88
#70 sand, C4-2 9&52 96.38% 2.18 37.99
#70 sand, C3-1 98.97 93.79% 2.16 37.92
#70 sand, C3-2 94.31 94.16% 2.14 38.07
#70 sand, C2-1 93.29 92.31% 2.07 37.30
#70 sand, C2-2 97.39 94.46% 2.05 37.43
#70 sand, Cl-1 98.87 97.82% 2.01 39.14
#70 sand. C l-2 95.86 94.53% 2.01 3 8 j#
C33 sand, C5-1 96.30 94.25% 2.05 40.12
C33 sand, C5-2 96.46 90.29% 2.28 35.58
C33 sand, C4-1 97.09 92.91% 2.10 3926
C33 sand, C4-2 105.26 92.17% 2.24 35.91
C33 sand, C3-1 9&69 96.51% 2.22 36.16
C33 sand, C3-2 101.03 101.20% 2.19 36.56
C33 sand, C2-1 91.76 98.21% 2.04 37.96
C33 sand, C2-2 94.90 93.84% 2.12 36.11
C33 sand, Cl-1 98.54 95.81% 2.09 36.54
C33 sand, C l-2 97.86 95.55% 2.13 36.41
loam, C5-1 99.83 96.31% 0.23 40.94
loam, C5-2 93.88 89.60% 0.24 41.82
loam, C4-1 100.90 96.78% 0.23 42.02
loam, C4-2 95.65 93.60% Œ22 42.95
loam, C3-1 93.40 97.21% 0.23 41.87
loam, C3-2 89.92 96.80% 0.23 42.57
loam, C2-1 81.61 93.26% 0.22 42.07
loam, C2-2 93.72 95.08% 0.22 42.52
loam, Cl-1 85.51 98.85% 0.22 42.71
loam, C l-2 8&29 98.91% 0.23 40.69
6 8
Table 4.11: Estimated transport parameters for the soil column test
Retardation
Factor Dispersion Coefficient Dispersivity
Experiment AMD Br AMD Br AMD Br
-------- -------- cm'  ̂/ sec cm"̂  / sec cm cm
#70 sand, C5-1 1.03 1.02 2.41E-02 2.10E-02 0.67 0.58
#70 sand, C5-2 1.02 1.01 3.55E-02 3.98E-02 0.99 1.11
#70 sand, C4-1 1.02 0.99 2.99E-02 2.83E-02 0.84 0.79
#70 sand, C4-2 0.99 1.00 2.29E-02 1.74E-02 0.63 0.48
#70 sand, C3.-1 1.00 0.99 2.53E-02 2.09E-02 0.70 0.58
#70 sand, C3-2 0.98 0.98 3.64E-02 3.19E-02 1.02 0.89
#70 sand, C2-1 1.03 1.04 2.11E-02 2.84E-02 0.61 Œ82
#70 sand, C2-2 1.02 1.02 2.72E-02 2.78E-02 0.80 0.81
#70 sand, C l-1 1.03 1.06 2.84E-02 4.60E-02 0.85 1.37
#70 sand, C l-2 1.02 1.07 3.55E-02 5.83E-02 1.06 1.74
C33 sand, C5-1 1.00 0.98 7.95E-02 6.95E-02 233 2.03
C33 sand, C5-2 1.04 1.06 8.25E-02 5.89E-02 2.17 1.55
C33 sand, C4-1 1.00 1.03 4.50E-02 5.48E-02 1.29 1.57
C33 sand, C4-2 1.02 1.04 7.41E-02 6.17E-02 1.98 1.65
C33 sand, C3-1 1.05 1.04 5.74E-02 3.56E-02 1.56 0.96
C33 sand, C3-2 1.00 0.98 6.03E-02 4.96E-02 1.65 1.36
C33 sand, C2-1 1.05 0.99 3.50E-02 5.40E-02 1.03 1.59
C33 sand, C2-2 1.00 0.96 3.71E-02 3.12E-02 1.05 Œ88
C33 sand, Cl-1 1.06 1.05 2.68E-02 3.01E-02 0.77 0.86
C33 sand, C l-2 1.01 0.97 1.03E-01 4.53E-02 2.89 1.28
loam, C5-1 1.03 0.92 4.46E-03 4.35E-03 1.16 1.13
loam, C5-2 1.02 0.97 5.31E-03 3.99E-03 1.32 0.99
loam, C4-1 1.07 0.96 6.92E-03 4.41E-03 1.81 1.15
loam, C4-2 1.03 0.96 4.41E-03 6.14E-03 1.19 1.65
loam, C3-1 1.01 0.95 2.46E-03 2.67E-03 0.64 0.70
loam, C3-2 0.99 0.96 3.43E-03 5.03E-03 0.91 1.33
loam, C2-1 1.00 0.90 1.03E-02 7.75E-03 2.81 2.11
loam, C2-2 1.02 0.90 4.91E-03 5.81E-03 1.36 1.60
loam, Cl-1 1.02 0.93 3.13E-03 4.10E-03 0.86 1.13
loam, C l-2 0.99 0.94 2.97E-03 4.36E-03 0.79 1.16
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of AMD had no affect the dispersion coefficient. The a  values in all soils were 
determined to be statistically different. Multiple comparisons showed that the #70 mesh 
sand and the C33 sand were significantly different, but the C33 sand versus loam soil and 
the #70 mesh sand versus loam tests proved to be similar; however, the P value for both 
these comparisons was very low, indicating a statistically significant effect of a  only 
when comparing results from the #70 mesh and the C33 sands. The a  in all initial 
concentrations of AMD was determined to be similar. The percent recoveries for AMD in 
all soils were determined to be statistically different. Multiple comparison tests showed 
different recoveries between the C33 sand and the loam soil, while the other comparisons 
were similar. These results indicate a lower than expected recovery for the loam soil 
compared to recoveries in the C33 sand (recovery in the #70 mesh sand was similar to the 
loam soil). Low recovery in the loam could be due to several factors, including possible 
bacterial contamination of the loam soil, causing a small amount of degradation, a small 
amount of chemical breakdown in the AMD due to the presence of charged clay particles 
in the loam soil or possible error in the determination of the AMD peak in the HPLC due 
to fine clays interfering with the integration. Initial concentration had no effect on the 
percent recoveries, although the low P value for this test shows a possible trend.
4.4.2 Column sorption isotherms 
All column peclet numbers were determined to be greater than 300, which is much 
greater than the 50 needed, which confirms that the methods in Section 3.5.4 can be used 
to analyze the column tests for sorption. The individual values of sorption for each 
concentration level were then plotted in Tablecurve and fitted to different forms of 
sorption isotherms to determine which form fit the data most closely.
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Table 4.12: ANOVA and ANCOVA statistics for AMD parameter comparisons
Test F-value
F-Critical
value P-value Effect
ANOVA - AMD R vs. soil type 0.389 3.710 0.681 NO
ANOVA - AMD R vs. initial
concentration 0.331 3.330 0.570 NO
ANCOVA - AMD R vs. soil type vs. 
concentration 0.358 N A t 0.784 NO
ANOVA - AMD D vs. soil type
36.184 3.710 0.0001 YES
ANOVA - AMD D vs. initial
concentration 0.246 3.330 0.909 NO
ANOVA - a  vs. soil type 6.277 3.710 0.006 YES
ANOVA - a  vs. concentration 0.231 3.330 0.918 NO
ANOVA - AMD percent recoveries
vs. soil type 4.506 3.710 0.020 YES
ANOVA - AMD percent recoveries
vs. concentration 1.822 3.330 0.156 NO
|N A - ANCOVA tests do not have F-critical values
Table 4.13: Multiple comparison statistics for parameter comparisons
Test T-value
T-test
P-value Effect
MC test- AMD D in #70 mesh sand vs. C33 sand
8.408 0.0001 YES
MC test- AMD D in #70 mesh sand vs. loam soil
4.824 0.0001 YES
MC test- AMD D C33 sand vs. loam soil
3.656 0.0003 YES
MC test- AMD a  in #70 mesh sand vs. C33 sand
2538 0.004 YES
MC test- AMD a  in #70 mesh sand vs. loam soil
1.934 0.261 NO
MC test- AMD a  C33 sand vs. loam soil
1.604 0.149 NO
MC test- AMD percent recovery in #70 mesh sand 
vs. C33 sand 0.856 0.6720 NO
MC test- AMD percent recovery in #70 mesh sand 
vs. loam soil 2.064 0.1160 NO
MC test- AMD percent recovery C33 sand vs. loam 
soil 2.920 0.0190 YES
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Similar to results found for the batch experiments, the linear and Freundlich isotherms 
provided good fits to the data (Table 4.14). The Freundlich isotherms for the tests are 
presented below with error for a 95% confidence interval.
The Freundlich isotherm for the #70 mesh sand:
C, = 5.24X10”̂  ± 1.30xlO^c^oo9±o.oo42 (29)
The Freundlich isotherm for the C33 sand:
= 6.00X10“̂  ± 5. 62x l O ^ (30) 
The Freundlich isotherm for the loam soil:
C, = 1.35x10“" ± 2.26xlO “^C^‘°®“  ̂ (31)
4.4.2 Comparing batch and column sorption isotherms and retardation values 
Parameters in the sorption isotherms calculated in the batch studies are less than those 
calculated in the column tests for all soils; however, when the three significant sorption 
isotherms from the batch studies were compared to the three isotherms from the column 
studies using ANOVA statistical analysis, they were determined to be statistically similar 
(F < F critical = 0.414 < 9.55 P = 0.636) for batch isotherms versus column isotherms. 
This test was conducted on only 3 samples for each set and this may induce error into the 
test, but given that there are no experimental outliers in the transport parameters that were 
identified from the data, the three randomly-sampled values used in the comparison 
should be valid.
The mean values for R for the batch studies were compared to those obtained from  
the column tests. The R values were 1.024, 1.000, and 1.022 for batch studies and 1.014, 
1.023, and 1.018 for the column tests, using for the #70 mesh sand, C33 soil and the loam 
soil respectively. This shows good correlation between the two experimental methods.
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Table 4.14; Correlation coefficients for isotherms
Correlation Coefficients
Soil type Linear Freundlich
#70 mesh sand (19999 0.9999
C33 sand 0.9976 0.9976
loam soil 0.9974 0.9959
4.5 Experiment 4: bacteria inoculated repacked column tests
4.5.1 Breakthrough curve analysis 
Data used in the breakthrough curve analysis were obtained using the same methods 
as described in section 4.3.1. Specifically, the experiments yielded AMD concentration 
with time. Using column parameters as described earlier (i.e., pore water velocity, initial 
concentration, etc.) for each experiment, STANMOD was used to predict the 
breakthrough curve, assuming no degradation. Experiments were varied by soil, absence 
or presence of competing nitrogen and type of bacteria. These graphs are shown in 
Figures 4.4 A-J. The experiments are labeled by soil type, competing nitrogen (N+ for 
competing nitrogen added, N- for no competing nitrogen), and the type of bacteria (e for 
experienced, n for naïve, and x for no bacteria).
4.5.2 Bacteria column degradation rates and half lives 
Estimated degradation rates and half-lives for the column tests are shown in Table 
4.15. The final degradation percentage is calculated as ([1 -  Co/Ci]*100%), which is a 
measure of the concentration of AMD in the final sample taken for each test. This 
parameter is essentially a gauge for the effectiveness of the bacteria at degrading AMD 
after a three-hour contact period in the column. Note that the degradation rates are much
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Figure 4.4: Graphs of (A) bacterial column tests with C33 sand and experienced bacteria
without competing nitrogen, and (B) with competing nitrogen
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Figure 4.4: Graphs of (C) bacterial column tests with C33 sand and naïve bacteria
without competing nitrogen, and (D) with competing nitrogen
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Figure 4.4: Graphs of (E) bacterial column tests with loam soil and experienced bacteria
without competing nitrogen, and (F) with competing nitrogen
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Figure 4.4: Graphs of (G) bacterial column tests with loam soil and experienced bacteria
without competing nitrogen, and (H) with competing nitrogen
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Figure 4.4: Graphs of (I) bacterial column tests with C33 sand, no bacteria, without
competing nitrogen, and (J) loam soil, no bacteria, without competing nitrogen
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Table 4.15; Degradation parameters for bacterial column tests
Test 1 Recovery Final degradation
—bours — — —  -------- ------------
Half-life
-b o u rs -
Half-life
—days—
C 33,N -,e 2.31E-01 4.98 100.00 3.01 0.13
C33, N+, e 2.62E-01 3.61 100.00 2.64 0.11
C33, N-, n 4.16E-01 2.13 100.00 1.67 0.07
C33, N+, n 4.90E-01 1.80 100.00 1.41 0.06
C 33,N -,x 1.34E-03 99.60 15.00 518.05 21.59
Loam, N-, e 7.74E-01 0.21 100.00 0.90 0.04
Loam, N+, e 6.81E-01 0.31 100.00 1.02 0.04
Loam, N-, n 2.97E-01 6.03 96.20 233 0.10
Loam, N+, n 2.22E-01 23.03 95.20 3.12 0.13
Loam, N-, X 5.60E-04 97.21 3.10 1237.98 51.58
bigber tban were seen in tbe flask tests. Half lives for all tests including bacteria were less 
tban 3.5 bours indicating very rapid utilization of AMD.
ANOVA tests were used to analyze tbe competing nitrogen, bacteria type, and soil 
type effect on degradation rate and balf life. No multiple comparison tests were needed. 
Tbe results are presented in Table 4.16 and sbow tbat presence or absence of competing 
nitrogen sources did not bave a statistically significant effect on tbe degradation rate or 
balf life. Also bacteria type and soil type did not affect tbe AMD degradation rates or balf 
life. Tbese results indicate tbat tbe competing nitrogen did not slow down or accelerate 
tbe degradation rate of AMD. Bacteria tbat bave utilized AMD before were no more 
efficient at degrading tbe AMD tban naïve cultures, and tbe differences between 
experienced and naive bacteria bad no effect on tbe ability of tbe bacteria to utilize AMD. 
One observed trend tbat naive bacteria appear to degrade AMD more effectively in tbe 
C33 sand, and tbe experienced bacteria appear to degrade AMD better in tbe loam soil. 
Tbe blank tests for tbe C33 sand and loam soil sbow tbat tbe column apparatus was
79
Table 4.16: Results of ANOVA analyses for parameter comparisons
Test F-value
F-Critical
value P-value Effect
Competing nitrogen vs. degradation rate 0.009 6.940 0.926 NO
Competing nitrogen vs. balf life 0.012 6.940 0.916 NO
Bacterial type vs. degradation rate 0.730 6.940 0.729 NO
Bacterial type vs. balf life 0.132 6.940 0.426 NO
Soil type vs. degradation rate 0.911 6.940 0.377 NO
Soil type vs. balf life 0.268 6.940 0.623 NO
properly sterilized between tests, as seen by tbe close matcb between experimental and 
estimated concentrations.
4.5.3 Bacterial and competing nitrogen analysis 
Bacterium used in tbe column tests was determined by 16S RNA gene sequencing 
(Nevada Genomics Center, Reno, Nevada) to be Pseudomonas putida (gene sequencing 
work was done by Lababn (2007) as part of tbe collaborative PAM study). Tbese tests 
also sbow tbat tbe concentration of bacterial cells in tbe bacteria column tests were about 
lO'^ cells per gram of soil, a mucb bigber concentration tban was analyzed from samples 
collected at otber field sites (not related to tbis thesis). Tbe bacteria in tbese tests were 
grown witb nutrient media and inoculated for 24 bours, allowing tbem to thrive in tbe 
column.
Lababn (2007) analyzed tbe total ammonia and nitrogen for tbe column tests 
conducted with competing nitrogen sources. These samples were taken during tbe 
experiments at 2.5, 5, 7.5 and 10 pore volumes. Lababn (2007) showed tbat bacteria were 
able to fully utilize tbe nitrogen added to tbe column through tbe growth media, and tbat 
tbe ammonia added to tbe column through tbe growth media and tbe ammonia created
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from AMD degradation were both partially utilized. The total ammonia concentration 
never exceed 1 ppm, which indicates that the added ammonia was degraded at a rate 
faster than ammonia was created by AMD degradation. The ammonia from both sources 
(added and produced from AMD degradation) however, could not be discriminated.
4.6 Experiment 5: canal soil core column tests
4.6.1 Breakthrough curve analysis 
The data for AMD concentration, Co / Ci, and pore volume was determined as 
described in section 4.3.1. The graphs for the breakthrough curves are presented in Figure 
4.5 A-D. During tbe Site 2 Column 2 experiment, concentration of AMD was increased 
from 1 ppm to 5 ppm, which explains tbe increase in AMD concentration observed in tbe 
breakthrough curve. AMD concentration was increased because no AMD degradation 
was observed at tbe lower concentration, and it was believed tbat a bigber concentration 
could possibly “activate” tbe bacteria.
4.6.2 Canal column degradation rates 
Estimated degradation rates and balf-lives for tbe canal column tests are shown in 
Table 4.17. Tbe degradation rates observed in tbese tests were lower tban observed in tbe 
bacteria columns using tbe C33 sand and loam soil. Tbis decrease in AMD degradation is 
due to tbe lower concentration of active cells in tbe column, which is more indicative of 
field conditions. However, even at tbese lower concentrations, tbe bacteria were still able 
to degrade AM D  at half-lives ranging from 30 — 42 hours except in the Site 2 — Column 2 
test. Tbe AMD degradation rates for tbe otber three columns all have degradation rates
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Figure 4.5: Graphs of (A) bacterial soil core column tests Site 1 -  Column 1, and (B) Site
1 -  Column 2
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Table 4.17: Degradation parameters for bacterial column tests
Test
—b o u rs '—
Percent
recovery
-----------
Final
degradation Half-life
—bours—
Half-life
—days—
Site 1 - Column 1 2.33E-02 64.71 41.50 29.75 1.24
Site 1 - Column 2 2.25E-02 62.25 53.50 30.81 1.28
Site 2 - Column 1 1.66E-02 74.09 52.40 41.76 1.74
Site 2 - Column 2 -l.OOE-04 101.90 0.00 NAt NA
fNA- No applicable balf-live because no degradation was observed
and balf lives witbin two standard deviations of tbe mean, indicating tbat tbe tbree 
columns are all statistically similar.
4.6.3 Bacterial analysis 
Tests conducted by Lababn (2007) sbow tbat tbe concentration of bacterial cells in 
tbe Site 1 canal columns before tbe test were about 10  ̂total witb lO'^cells per gram of soil 
and 10  ̂cells per mL in water. Site 2 columns contained about 10  ̂total concentration of 
bacteria witb 10  ̂cells per gram of soil and 10"̂  cells per mL of water. Tbese 
concentrations are lower tban wbat was observed in tbe bacterial columns, but close to 
wbat was anticipated of a field collected sample. Tbe Site 2 - Column 2 test was 
determined to be unrepresentative. Later observations concluded tbat tbe inability of tbe 
bacteria to degrade AMD may possibly be due to an artifact of tbree weeks of exposure at 
4°C. Tbis would also explain tbe 0% degradation seen in column wbile all tbe otber 
columns bad a clearly observable drop in concentration witb time.
4.7 Results for tbe predictive numerical modeling witb HYDRUS-2D 
Simulations were conducted using tbree different treatments of sorption: no sorption, 
sorption levels taken from Section 4.3.2, and sorption and bacterial degradation rates
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taken from section 4.5.3. Degradation rates were taken from the canal column tests 
because they were concluded to be more representative of field conditions and because 
tbe degradation rates are conservative and thus would provide a worst-case scenario. Tbe 
rate used was an average between tbe tbree canal column degradation rates (X= .0208 
hours'' or a balf life of about 34.1 bours). Tbe results are shown for tbe maximum 
concentration for no sorption, column sorption, and sorption and AMD degradation in 
Tables 4.18, 4.19, and 4.20, respectively. Tbe test results are labeled according to soil 
type (#70 for tbe #70 mesb sand, C33 for tbe C33 sand, and L for tbe loam soil), PAM 
seal type (P for partial, F for full, and N for none), PAM induced hydraulic conductivity 
(KO for no PAM, K1 for 5 Ibs/ca, K2 for 10 Ibs/ca), and water table depth (W1 for 2 
meters or 0 m from canal bottom, W2 for 5 m or 3 m from canal bottom, and W3 for 10 
m depth or 8 m from canal bottom). A representative AMD breakthrough curve for tbe 
system witb and without tbe influence of sorption and microbial degradation is shown in 
Figures 4.6 A and B.
Tbe simulation results appear to provide inconsistent peak concentrations for Nodes 4 
and 5 in some simulations, where tbe concentrations appear lower tban those simulated 
for Nodes 6 and 7 (Figure 4.6 A). Tbe differences, however, are due to tbe different 
flowpatbs between tbe simulations. For example, tbe main front of tbe solute plume 
slightly bypasses Nodes 4 and 5 due to tbe horizontal component of plume migration for 
cases of partial seal #70 mesb sand and C33 sand simulations, where mucb bigber flow 
rates are observed. Tbe solute plumes for all simulations witb full PAM seals and loam 
soil never reached Nodes 6 or 7 at detectable concentrations during tbe 50-day run 
simulation period.
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Table 4.18: Model observation node data for the no sorption, no bacterial degradation
models
Test
Node 1
Max Concentration in (Ci / Co) 
Node 2 Node 3 Node 4 Node 5 Node 6 Node 7
#70, N, KG, W1 0.999 0.995 0.976 0.602 0.655 0.706 0.712
#70, N, KO, W2 0.999 0.996 0.990 0.759 0.794 0.820 0.827
#70, N, KO; W3 0.999 0.997 0.996 0.881 0.916 0.901 0.871
#70, F,K1, W1 0.599 0.318 0.220 0.093 0.093 0.000 0.000
#70, F,K1, W2 0.623 0.343 0.240 0.105 0.105 0.000 0.000
#70, F,K1,W3 0.633 0.353 0.250 0.120 0.116 0.000 0.000
#70, F, K2, W1 0.437 0.220 0.152 0.066 0.056 0.000 0.000
#70, F, K2, W2 0.458 0.237 0.167 0.074 0.071 0.000 0.000
#70, F, K2, W3 0.466 0.245 0.173 0.084 0.079 0.000 0.000
#70, P,K1, W1 0.998 0.994 0.970 0.552 0.631 0.690 0.696
#70, P,K1, W2 0.999 0.996 0.985 0.686 0.752 0.792 0.799
#70, P,K1, W3 0.999 0.996 0.992 0.802 0.887 0.875 0.843
#70, P, K2, W1 0.998 0.994 0.969 0.550 0.630 0.696 0.696
#70, P, K2, W2 0.999 0.996 0.985 0.685 0.751 0.792 0.799
#70, P, K2, W3 0.999 0.996 0.991 0.800 0.886 0.874 0.843
C33, N, KO, W1 0.999 0.996 0.989 0.695 0.754 0.792 0.791
C33, N, KO, W2 0.999 0.997 0.995 0.931 0.961 0.878 0.881
C33, N, KO, W3 0.999 0.997 0.997 0.918 0.941 0.971 0.909
C33,F,K1, W1 0.829 0.522 0.369 0.153 0.156 0.000 0.000
C33,F,K1,W2 0.848 0.558 0.402 0.172 0.177 0.000 0.000
C33,F,K1, W3 0.855 0.573 0.420 0.213 0.203 0.000 0.000
C33, F, K2, W1 0.630 0.337 0.233 0.100 0.099 0.000 0.000
C33, F, K2, W2 0.653 0.363 0.245 0.112 0.111 0.000 0.000
C33, F, K2, W3 0.663 0.373 0.264 0.126 0.120 0.000 0.000
C33,P,K1,W1 0.999 0.996 0.986 0.650 0.732 0.776 0.776
C33,P,K1,W 2 0.999 0.997 0.992 0.769 0.829 0.856 0.856
C33,P,K1,W3 0.999 0.997 0.994 0.851 0.913 0.907 0.884
C33, P, K2, W1 0.999 0.996 0.986 0.648 0.730 0.775 0.775
C33, P, K2, W2 0.999 0.997 0.991 0.766 0.827 0.855 0.855
C33, P, K2, W3 0.999 0.997 0.994 0.847 0.911 0.906 0.883
L, N, KO, W1 0.683 0.274 0.143 0.019 0.030 0.000 0.000
L, N, KO, W2 0.719 0.330 0.197 0.048 0.062 0.000 0.000
L, N, KO, W3 0.730 0.232 0.347 0.102 0.118 0.000 0.000
L, F,K1,W1 0.679 0.272 0.143 0.019 0.030 0.000 0.000
L, F,K1,W 2 0.718 0.329 0.198 0.049 0.062 0.000 0.000
L, F,K1,W3 0.728 0.347 0.233 0.103 0.119 0.000 0.000
L, F, K2,W1 0.666 0.266 0.141 0.019 0.028 0.000 0.000
L, F, K2, W2 0.703 0.321 0.194 0.048 0.059 0.000 0.000
L, F, K2, W3 0.715 0.338 0.226 0.103 0.116 0.000 0.000
L,P,K1,W 1 0.683 0.274 0.143 0.019 0.030 0.000 0.000
L, P,K1,W2 0.718 0.330 0.197 0.048 0.062 0.000 0.000
L, P,K1,W3 0.730 0.347 0.233 0.102 0.118 0.000 0.000
L, P, K2, W1 0.683 0.274 0.143 0.020 0.030 0.000 0.000
L, P, K2, W2 0.718 0.330 0.198 0.049 0.062 0.000 0.000
L, P, K2, W3 0.730 0.347 0.233 0.104 0.119 0.000 0.000
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Table 4.19: Model observation node data incorporating sorption but ignoring microbial 
degradation.
Test
Node 1
Max Concentration in (Ci / Co) 
Node 2 Node 3 Node 4 Node 5 Node 6 Node 7
#70, N, KO, W1,S 0.996 0.986 0.945 0.487 0.553 0.603 0.597
#70, N, KO, W2, S 0.997 0.990 0.973 0.629 0.681 0.714 0.713
#70, N, KO, W3, S 0.997 0.991 0.986 0.748 0.819 0.801 0.755
#70, F,K1,W 1,S 0.444 0.192 0.126 0.052 0.017 0.000 0.000
#70, F,K1,W 2,S 0.470 0.211 0.140 0.066 0.031 0.000 0.000
#70, F,K1,W 3,S 0.480 0.219 0.146 0.071 0.040 0.000 0.000
#70, F, K2,W1,S 0.307 0.129 0.085 0.011 0.001 0.000 0.000
#70, F, K2, W2, S 0.327 0.142 0.095 0.020 0.002 0.000 0.000
#70, F, K2, W3, S 0.334 0.147 0.099 0.025 0.004 0.000 0.000
#70, P,K1, W1,S 0.996 0.985 0.938 0.447 0.533 0.589 0.583
#70, P,K1,W 2,S 0.997 0.989 0.966 0.560 0.644 0.688 0.683
#70, P,K1, W3,S 0.997 0.990 0.980 0.657 0.792 0.769 0.723
#70, P, K2,W1,S 0.996 0.985 0.937 0.446 0.533 0.589 0.583
#70, P, K2, W2, S 0.999 0.996 0.985 0.685 0.751 0.792 0.799
#70, P, K2, W3, S 0.997 0.990 0.979 0.655 0.791 0.769 0.722
C33 N, K0,W1,S 0.997 0.988 0.969 0.558 0.636 0.677 0.665
C33 N, KO, W2, S 0.997 0.991 0.982 0.691 0.745 0.773 0.766
C33 N, KO, W3, S 0.998 0.992 0.989 0.789 0.847 0.837 0.800
C33 F,K1, W1,S 0.667 0.318 0.207 0.099 0.096 0.000 0.000
C33 F,K1, W2,S 0.696 0.349 0.231 0.111 0.109 0.000 0.000
C33 F,K1, W3, S 0.708 0.362 0.214 0.124 0.120 0.000 0.000
C33 F, K2,W1,S 0.452 0.192 0.124 0.045 0.018 0.000 0.000
C33 F, K2, W2, S 0.478 0.210 0.138 0.064 0.032 0.000 0.000
C33 F, K2, W3, S 0.488 0.218 0.144 0.069 0.039 0.000 0.000
C33 P,K1,W 1,S 0.997 0.988 0.965 0.519 0.620 0.664 0.651
C33 P, Kl, W2, S 0.997 0.991 0.978 0.627 0.716 0.749 0.736
C33 P,K1,W 3,S 0.998 0.992 0.984 0.701 0.817 0.806 0.766
C33 P, K2, W1,S 0.997 0.988 0.964 0.518 0.619 0.663 0.651
C33 P, K2, W2, S 0.997 0.991 0.977 0.625 0.715 0.748 0.735
C33 P, K2, W3, S 0.998 0.992 0.983 0.698 0.816 0.805 0.765
L,N K0,W1,S 0.660 0.259 0.137 0.016 0.024 0.000 0.000
L,N KO, W2, S 0.696 0.310 0.186 0.041 0.052 0.000 0.000
L,N KO, W3, S 0.704 0.326 0.216 0.093 0.109 0.000 0.000
L,F K1,W1,S 0.656 0.257 0.137 0.016 0.023 0.000 0.000
L,F K1,W2,S 0.693 0.310 0.187 0.042 0.052 0.000 0.000
L,F K1,W3,S 0.706 0.326 0.216 0.092 0.104 0.000 0.000
L,F K2,W1,S 0.642 0.251 0.135 0.015 0.021 0.000 0.000
L ,F K2, W2, S 0.680 0.302 0.183 0.041 0.049 0.000 0.000
L,F K2, W3, S 0.693 0.318 0.211 0.093 0.100 0.000 0.000
L,P K1,W1,S 0.660 0.259 0.138 0.016 0.024 0.000 0.000
L,P K1,W2,S 0.696 0.310 0.186 0.041 0.052 0.000 0.000
L,P K1,W3,S 0.708 0.326 0.217 0.092 0.104 0.000 0.000
L,P K2,W1,S 0.659 0.259 0.138 0.016 0.024 0.000 0.000
L,P K2, W2, S 0.696 0.310 0.187 0.042 0.052 0.000 0.000
L,P K2, W3, S 0.708 0.326 0.217 0.094 0.104 0.000 0.000
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Table 4.20: Model observation node data, including processes of sorption and bacterial
degradation models
Test
Node 1
Max Concentration in (Ci /  Co) 
Node 2 Node 3 Node 4 Node 5 Node 6 Node 7
#70, N, KO, W 1,S,B 0.883 0.694 0.451 0.052 0.067 0.034 0.025
#70, N, KO, W2, S, B 0.898 0.738 0.499 0.085 0.102 0.058 0.046
#70, N,KO, W3, S,B 0.904 0.750 0.594 0.133 0.159 0.076 0.058
#70, F ,K 1,W 1,S,B 0.139 0.007 0.000 0.000 0.000 0.000 0.000
#70, F,K1, W2, S,B 0.152 0.007 0.001 0.000 0.000 0.000 0.000
#70, F,K1, W3, S,B 0.156 0.010 0.001 0.000 0.000 0.000 0.000
#70, F, K2,W 1,S,B 0.071 0.001 0.000 0.000 0.000 0.000 0.000
#70, F, K2, W2, S, B 0.078 0.002 0.000 0.000 0.000 0.000 0.000
#70, F, K2, W3, S, B 0.080 0.002 0.000 0.000 0.000 0.000 0.000
#70, P ,K 1,W 1,S,B 0.885 0.695 0.446 0.046 0.064 0.032 0.023
#70, P,K1,W 2, S,B 0.902 0.735 0.498 0.071 0.093 0.051 0.039
#70, P,K1,W 3, S,B 0.907 0.749 0.585 0.120 0.151 0.065 0.047
#70, P, K2, W 1,S,B 0.885 0.695 0.446 0.045 0.064 0.031 0.023
#70, P, K2, W2, S, B 0.902 0.735 0.498 0.071 0.093 0.051 0.039
#70, P, K2, W3, S, B 0.907 0.749 0.585 0.120 0.151 0.065 0.047
C33,N, KO, W 1,S,B 0.898 0.729 0.527 0.085 0.105 0.057 0.043
C33, N, KO, W2, S, B 0.911 0.766 0.563 0.126 0.145 0.089 0.073
C33, N, KO, W3, S, B 0.916 0.780 0.632 0.163 0.194 0.110 0.088
C33,F,K1, W 1,S,B 0.297 0.036 0.004 0.000 0.000 0.000 0.000
C33,F,K1,W2, S,B 0.316 0.045 0.006 0.000 0.000 0.000 0.000
C33,F,K1,W 3, S,B 0.323 0.049 0.007 0.000 0.000 0.000 0.000
C33,F, K2, W l, S,B 0.152 0.008 0.000 0.000 0.000 0.000 0.000
C33, F, K2, W2, S, B 0.165 0.010 0.001 0.000 0.000 0.000 0.000
C33, F, K2, W3, S, B 0.170 0.011 0.001 0.000 0.000 0.000 0.000
C33,P,K1,W 1,S,B 0.901 0.731 0.526 0.076 0.102 0.054 0.041
C33,P,K1,W2, S,B 0.915 0.767 0.560 0.107 0.138 0.081 0.064
C33, P, Kl, W3, S, B 0.919 0.779 0.625 0.139 0.187 0.097 0.074
C33,P, K2,W 1,S,B 0.900 0.731 0.525 0.076 0.101 0.054 0.041
C33, P, K2, W2, S, B 0.914 0.766 0.559 0.107 0.137 0.081 0.063
C33, P, K2, W3, S, B 0.919 0.779 0.624 0.138 0.186 0.097 0.074
L, N, K0,W 1,S,B 0.214 0.004 0.000 0.000 0.000 0.000 0.000
L, N, KO, W2, S, B 0.238 0.010 0.000 0.000 0.000 0.000 0.000
L, N, KO, W3, S, B 0.248 0.012 0.000 0.000 0.000 0.000 0.000
L, F ,K 1,W 1,S,B 0.211 0.004 0.000 0.000 0.000 0.000 0.000
L, F,K1,W2, S,B 0.237 0.010 0.000 0.000 0.000 0.000 0.000
L, F,K 1,W 3,S,B 0.246 0.012 0.000 0.000 0.000 0.000 0.000
L, F, K2,W 1,S,B 0.202 0.004 0.000 0.000 0.000 0.000 0.000
L, F, K2, W2, S, B 0.227 0.009 0.000 0.000 0.000 0.000 0.000
L, F, K2, W3, S, B 0.236 0.011 0.000 0.000 0.000 0.000 0.000
L, P ,K 1,W 1,S,B 0.214 0.004 0.000 0.000 0.000 0.000 0.000
L, P, Kl, W2, S, B 0.238 0.010 0.000 0.000 0.000 0.000 0.000
L, P,K 1,W 3,S,B 0.247 0.012 0.000 0.000 0.000 0.000 0.000
L, P, K2,W 1,S,B 0.213 0.004 0.000 0.000 0.000 0.000 0.000
L, P, K2, W2, S, B 0.238 0.010 0.000 0.000 0.000 0.000 0.000
L, P, K2, W3, S, B 0.247 0.012 0.000 0.000 0.000 0.000 0.000
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Figure 4.6: Graphs of a HYDRUS model run (C33 sand, partial seal, PAM conductivity 
level of 10 Ib/ca, at water table depth of 0 meters) (A) witb out sorption or bacterial 
degradation and, (B) witb tbe added affects of sorption and bacterial degradation
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The results showed that the different water table heights change the average flow 
length of the solute plume. For example, solute plumes traveled 27.08, 29.37, and 32.01 
meters for water table depths of 2, 5, and 10 m, respectively. The saturated hydraulic 
conductivities for the different soil types lead to differences in the arrival times and 
maximum concentration levels. The earliest arrival times and the peak concentrations 
corresponded to the #70 mesh and C33 sands, materials with the highest hydraulic 
conductivities.
The average arrival times for simulations using the loam soil, with full and partial 
seals, ranged from 47 - >50 days at Node 5. The average arrival time for simulations 
using the sandy soils, with partial seals ranged from 28 - > 50 days for shallow water 
tables, with slightly longer arrival times at Node 5 for the W3 experiments (water table at 
10 m depth). The arrival at Node 6 for these experiments was greater than 50 days. The 
arrival time of the no and partial seal sand tests for the no sorption and bacterial 
degradation tests are provided in Tables 4.21 and 4.22. These results show the sensitivity 
of contaminant plume travel time to the degree of seal from PAM treatment. Also the 
arrival time of the peak concentration changed slightly when bacterial degradation was 
accounted for, because of the effects of degradation on the peak concentration. The 
arrival times at Node 7 range from 7.5 to 10.5 days as shown in Tables 4.21 and 4.22. 
The flushing effect of uncontaminated water after the 5-day pulse, and the mixing with 
the uncontaminated ground water caused a 20-30% reduction in peak concentration at 
Node 7 (Table 4.18), for the cases with no PAM treatment (i.e., no seal). The full seal 
reduced the amount of flow into the soil system by 90% (Table 4.18). This simulation 
result correlates with the reduction in seepage seen in Moran (2007). The decreased
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Table 4.21: Arrival times of peak concentrations with no treatment and a partial seal for 
#70 mesh and C33 sand
Test Max concentration arrival time (in days)
Node Node Node Node Node Node Node
1 2 3 4 5 6 7
#70, N, KO, W1 4.93 4.78 5.33 8.10 7.78 9.34 9.87
#70, N, KO, W2 4.25 4.50 5.15 7.30 7.16 8.37 8.79
#70, N, KO, W3 4.01 4.98 5.11 6.76 6.66 7.83 8.36
#70, P,K1,W1 3.80 4.78 5.36 8.24 7.87 938 9.98
#70, P,K1,W 2 428 4.94 5.17 7.48 7.26 8.52 9.04
#70, P,K1,W3 4.02 4.67 5.19 6.86 6.61 8.69 &69
#70, P, K2, W1 3^3 4.83 5.33 8.16 7.85 9.42 10.03
#70, P, K2, W2 4.32 4.99 5.23 7.55 7.25 8.58 9.10
#70, P, K2, W3 4.05 4.73 4.95 6.84 6.60 8.07 8.75
C33, N, KO, W1 4.18 4.58 5.17 7.21 7.14 8.45 8.90
C33, N, KO, W2 343 4.50 5.13 6.68 6.66 7.63 8.09
C33, N, KO, W3 3.42 4.25 4.76 6.34 6.33 7.30 7.66
C33,P,K1,W1 4.25 4.85 5.16 7.31 7.20 8.46 9.01
C33,P,K1,W 2 3.61 4.76 5.11 6.87 6.73 7.80 822
C33, P, Kl, W3 3.39 4.52 442 6.50 6.36 7.46 7.49
C33, P, K2, W1 4.32 4.95 5.25 7.38 7.16 8.47 9.01
C33, P, K2, W2 3.65 4.86 5.04 6.90 6.72 7.81 823
C33, P, K2, W3 3.43 4.60 5.05 6.46 6.33 7.48 8.04
Table 4.22: Arrival times of peak concentration with no treatment and a partial seal for 
#70 mesh and C33 sand, including microbial degradation of AMD
Test Max concentration arrival time (in days)
Node Node Node Node Node Node Node
1 2 3 4 5 6 7
#70, N, K0,W 1,S,B 4.60 3.53 5.46 8.02 8.05 9.78 10.41
#70, N, KO, W2, S, B 3.10 4.15 5.35 7.37 7.20 8.85 9.34
#70, N, KO, W3, S, B 3.94 4.90 2.64 4.44 4.43 8.09 8.91
#70, P,K 1,W 1,S,B 4.18 4.90 5.49 8.14 8.05 9.92 10.63
#70, P,K1,W2, S,B 4.09 4.38 5.27 7.53 7.43 9.02 9.66
#70, P,K1,W3, S,B 3.19 298 4.78 3.14 4.63 8.40 9.27
#70, P, K2,W 1,S,B 4.32 5.03 5.53 8.06 8.03 9 82 10.49
#70, P, K2, W2, S, B 4.21 4.76 5.34 7.44 7.40 9.00 9.62
#70, P, K2, W3, S, B 3.25 5.00 3.07 3.23 4.67 8.42 9.27
C33, N, K0,W 1,S,B 3.31 4.24 5.41 7.46 7.39 9.04 9.67
C33, N, KO, W2, S, B 3.05 4.86 5.27 6.74 6.77 8.26 8.76
C33, N, KO, W3, S, B 3.07 4.87 2.44 5.20 4.27 7.46 8.33
C33,P,K1,W 1,S,B 4.90 4.68 5.39 7.50 7.55 9.13 9.77
C33,P,K1,W2, S,B 4.85 4.93 5.06 6.84 6.95 8.42 8.93
C33,P,K1,W3, S,B 2.95 2.67 4.31 3.57 4.51 7.93 8.72
C33,P, K2,W 1,S,B 3.35 5.07 5.38 7.49 7.38 9.15 9.76
C33, P, K2, W2, S, B 3.09 4.48 5.08 7.04 6.83 8.44 8.93
C33, P, K2, W3, S, B 3.05 2.67 4.80 3.48 4.42 7.93 8.65
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infiltration lead to a much lower mass of AMD entering the flow system, which in turn 
leads to a smaller peak concentrations at all nodes in all tests. Almost no difference in the 
peak concentration or arrival times was seen in loam soil, regardless of whether the 
degree of sealing of the canal bottom, this also led to much lower peak concentrations at 
all nodes in the loam soils when compared to those of the #70 mesh and C33 sands, for 
cases with no treatment and partial seal conditions. It was also noted also very slight 
differences (1-2%) in the peak concentration for partial canal seals, versus no seal, for 
tests run in the sandy materials (Tables 4.18). These results indicate that, unless a full 
seal of the canal surface is achieved, the characteristics of the contamination plume were 
no different than if no PAM treatment occurred. For these cases, the seepage of water 
and introduction of contaminants into the subsurface will still be substantial.
The results showed that the hydraulic conductivity reductions in the PAM treated 
canals, with sandy materials, had an effect on the peak concentrations only in the case of 
a full canal seal (-10 - 20% difference) but almost no effect for cases of a partial seal 
(>1% difference) (Table 4.18). Almost no differences in peak concentrations (>1 percent) 
were predicted for either full or partial seal tests.
The depth to water table also affected the results. The main effect was that the AMD 
plume arrived faster to the observation nodes as water table depth was decreased (i.e., 
closer to bottom of canal). AMD concentration were also slightly higher ( -  1-2%) in all 
tests (Table 4.18). In these cases, the plume bypasses a larger part of the flow system 
when the water table is lower; thus, dilution from mixing with ground water is less.
Sorption lowered the peak concentration in the sand tests by about 6 % at Node 7 for 
cases of a partial seal. Sorption lowered the peak concentration by 1-2% at Node 5 in the
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sandy soils with full seal, and in loam soils (Table 4.19). The reduced sorption in these 
cases is due to the reduced interaction of the AMD plume with the site soil.
The simulation results showed the importance of bacterial degradation, which 
lowered the peak concentrations in Node 7 in the sandy material by 56 -  76 % (Table 
4.20). Bacterial degradation, combined with sorption, lowered the concentrations by 62 - 
82 %, indicating that contaminant dilution plays a much larger role than sorption in 
reducing AMD concentration at observation nodes, and also that bacterial degradation is 
the major pathway of removal of AMD from the modeled system. The results showed 
that bacterial degradation was responsible for > 90% of the total AMD mass loss in the 
system in all tests.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
Using the results of the batch experiments, the sorption of AMD was determined to 
be instantaneous and was possibly affected by the clay and silt content in the soil 
samples. The mass of AMD that sorbed significantly onto the soil material varied from 1- 
11%, 1.6-22%, and 2.4-48% for the un-sieved #70 mesh sand, un-autoclaved loam soil, 
and the autoclaved loam, respectively. When expressed as percentages of the initial 
concentrations ranging from 50 -  5000 ppb, the results showed a lowering affinity for 
sorption with increasing concentrations. Sorption isotherms for all experiments exhibited 
good linear and Freundlich fits for the #70 mesh sand and C33 sand. The loam soil 
exhibited at much better Freundlich fit than linear, which led to the conclusion that the 
loam soil material had a decreasing affinity for AMD sorption with increasing 
concentration levels.
From the soil column breakthrough experiments, the retardation factors (R) for AMD 
showed that it is a conservative compound in all the soil types tested. Some sorption did 
occur on the soils, but the relatively small quantity of was still insignificant when 
compared to the ability of bacteria to breakdown AMD in the natural environment.
After the C33 sand and loam soil were inoculated with bacteria, significantly higher 
loss of AMD was observed as the microbial community was able to utilize the AMD as a 
food source, even when competing nitrogen and ammonia are present. The results
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showed that AMD concentrations in most tests were completely degraded within four 
pore volumes or 12 hours of contact time in the soil, and that the concentrations never 
reaching more than 40% of the initial concentration. When identical tests were run with 
soil columns filled with imdisturbed soil from operational canals, the results still showed 
a 48 -  59% reduction of the initial concentration of AMD within the 36 hour test. The 
differences in AMD degradation rates and half-lives measured in soil columns inoculated 
with bacteria versus canal columns are substantial. The AMD degradation rate in the 
bacteria colunms was about an order of magnitude larger than in the canal colunrn and 
the half lives were 10 times shorter. These differences are primarily due to the four orders 
of magnitude greater bacteria cell count in the bacteria colunrn experiments. The final 
estimated half live of AMD in a natural system was determined to be 30-42 hours.
Using results from the laboratory experiments as input to numerical simulations of 
water flow and solute transport, AMD concentrations were found to depend on the 
quality of the seal from the PAM treatment. For cases of a full canal seal, or where canal 
is underlain by a loam soil, AMD lost into the groundwater environment was in 
insignificantly low concentrations and did not migrate to any appreciable distances (i.e., 
10 m from the canal). If the PAM treatment led only to a partial seal, which is probably 
more realistic in the field, and in a sand-type environment, which is also expected as a 
target material for PAM treatment, then the ability of bacteria to degrade the AMD was 
the primary factor determining the extent of AMD contamination. Dilution of AMD from 
mixing with groundwater and with uncontaminated water seeping from the canal played a 
role in the reduction of the AMD concentration. Sorption caused only a small amount of 
reduction in the AMD concentration. If degradation rates are the same as those measured
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from soil core collected from operational canals, then AMD concentrations would be 
below 0.075 Co/Ci within about 25 meters of the canal in all cases tested. This means, for 
example, that an initial concentration of up to 6.65 ppb would be undetectable 25 meters 
away from the canal. Given that the highest concentration of AMD detected in the field in 
the collaborative studies was about 10 times lower (0.65 ppb), the results indicate that 
AMD contamination should not be an issue with this use of PAM, up to PAM 
concentrations of 13 ppm assuming only release of residual AMD from the PAM 
molecule.
From a field perspective, AMD concentrations used in these studies are slightly-to- 
much higher than observed in collaborate field studies. In all soils the AMD sorption was 
0-2.4%. Given the prominence of amidese bacteria present in natural waters and in 
groundwater; the threat of AMD contamination is low provided that these bacteria can 
utilize low levels of AMD expected to be seen in field conditions with PAM use. The 
only viable means of AMD degradation is bacteria utilization as the sorption of AMD to 
soils is very low. While the results of this study suggests that the risks of groundwater 
contamination by AMD is very low, it does not address issues surrounding the potential 
for contaminating the canal water itself during PAM treatment. As shown above, water 
seeping from the with an initial AMD concentration of up to 6.65 ppb would be below 
drinking water standards 25 meters from the canal in all cases. Putting these 
concentrations into perspective, the maximum AMD concentration observed to date was 
0.661 ppb (Young et al., 2007), which was measured in an actively PAM-treated canal. It 
is also noted that the modeling results assume that all AMD released from the PAM 
molecule enters the groundwater system, which necessarily requires that all water in the
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canal is lost through seepage. To test this requirement, the percentage of water lost to 
seepage over a known reach can be estimated using some flow characteristics of a typical 
canal; i.e., a flow rate of 2.8 mVsec (100 ftVsecond), a seepage loss rate of 0.035 
mVsecond/km (2 ftVsecond/mile), and a flow velocity of 2.19 km/hour (1.36 miles/hour). 
With these characteristics, the total volume of water passing a point in space during a 
single hour is 10,194.0 m^ (360,000 ft^), and the volume of water lost to seepage during 
this same time period (assuming uniform seepage along the 2.19-km reach of the canal) is 
277.28 m^ (9792 ft^), or 2.72% of the total volume. Thus, only 2.72% of the AMD mass 
released from the PAM molecule would be expected to migrate into the subsurface 
environment. Using the maximum concentration level recorded in the canal (0.661 ppb 
from Young et al., 2007), the concentration of AMD leaving the canal would be 
approximately 0.0180 ppb, or more than 300 times lower than concentrations used in the 
modeling study which led to concentrations below drinking water standards at a distance 
of 25 m. These results indicate that the potential risks to groundwater from AMD release 
to the subsurface are quite small.
Tests in soil with higher organic content and clay fractions may need to be done in the 
future to determine the affects of organic content on AMD sorption.
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APPENDIX. GRPAHS OF COLUMN EXPERIMENTS
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